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Chapter  1 

Introduction 


Although  some  tools  exist  to  assist  phenologists  using  older  representational  frameworks  such  as 
that  presented  in  Chomsky  and  Halle's  Tin  Sound  Patti  rn  of  English  ((  liomsky  and  Halle  1908. 
hereafter  Sl’F).  until  recently  there  have  been  few  options  for  linguists  wishing  to  employ  computa¬ 
tional  methods  for  the  more  recent  autosegmental  phonology.  This  thesis  attempts  to  fill  the  gap  by 
presenting  a  system  the  Automated  Model  of  Autosegmental  Hides  (AMAH )  -embodying  autoseg¬ 
mental  representation  and  mechanics,  together  with  an  interface  designed  to  shorten  learning  time 
for  linguists  already  familiar  with  the  autosegmental  notation  first  proposed  by  Pulley-blank  (1986). 
The  goal  for  AMAH  is  to  provide  an  abstraction  barrier  such  that  a  linguist  may  describe  natural 
languages  in  autosegmental  notation  thus  allowing  him  or  her  to  model  almost  any  language— and 
the  system  will  take  care  of  all  computational  details.  As  such.  AMAH  rules  are  expressed  in  a 
notat  ion  that  is  as  close  as  possible  to  Pulleyblank's  while  remaining  capable  of  being  written  within 
a  text-only  system. 

Autosegmental  theory  differs  from  linear  theories  such  as  the  SPE  theory  in  that  phonemes  are 
not  assumed  to  be  atomic,  but  are  hypothesized  rather  to  be  composed  of  autonomous  signnnts  such 
as  tones  or  features,  interconnected  by  association  lines  and  situated  on  independent  tiers  within  a 
chart.  For  example,  in  one  version  of  the  theory,  one  might  partially  represent  a  tonal  phoneme  as 
in  figure  1-1.  with  V  on  the  skeletal  tier  representing  a  vowel,  and  T  on  the  tonal  tier  representing 
a  tone  connecting  to  it. 

Autosegmental  phonology  has  its  roots  in  attempts  to  explain  the  mechanics  of  tonal  languages 
(Goldsmith  1976a,  Goldsmith  1976b.  Goldsmith  1976c).  Thus,  the  system  was  designed  particularly 
to  allow  the  formulation  and  testing  of  tonal  rules.  For  example,  one  might  wish  to  model  the  tone 
shortening  rule  of  Mandarin  Chinese.  Mandarin  has  four  tones:  a  high,  level  tone  ("a"):  a  rising 
tone  ("a");  a  low  tone  that  falls  slightly,  then  rises  (  "a")  fairly  high:  and  a  falling  tone  ("a").  Of 
these  tones,  all  are  of  the  same  length  except  for  the  low  tone,  which  is  long.  Thus,  when  a  low 
tone  precedes  another  low  tone,  as  in  the  phrase  Hr)  In' n  him  ("1  am  very  sleepy').  Chinese  avoids 
an  awkward  concatenation  of  two  long  tones  by  shortening  the  first  one.  This  process  is.  however, 
rather  difficult  to  describe  in  terms  of  linear  phonology,  since  what  apparently  happens  is  that  the 
middle  part  of  the  tone  (the  part  that  "falls”)  drops  out,  thus  leaving  a  rising  tone.  In  autosegmental 
theory,  the  Mandarin  low  tone  is  modeled  as  three  atomic  tones  (:).  o,  and  1 )  from  a  scale  of  five  tones 
(from  tie’  highest  ,  1.  to  the  lowest.  5)  attached  to  a  single  vowel.  When  two  such  vowels  adjoin,  the 
5  tone  is  simply  disconnected  from  the  first  vowel,  leaving  a  rising  tone.  In  autosegmental  notation, 
this  rule  would  appear  as  in  Figure  1-2.  To  model  this  aspect  of  Mandarin  using  the  system  to  be 


V 

T 

Figure  1-1:  Autosegmental  Hepresentation  of  a  font' 
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Fillin'  1-2:  Mandarin  Turn-  Shortening  Rub- 


discussed  here.  one  would  first  provide  a  file  specifying  tin-  phonemes  and  tones,  plus  I  lie  shortening 
rule,  and  then  specify  (either  in  a  tile  or  at  run-time)  an  input  to  he  transformed.  Thus,  one  might 
provide  the  input  II  o  It <  n  hut.  as  above,  and  receive  the  output  ll  ii  lihi  hut  after  the  system 
has  transformed  the  input  into  a  tier  structure,  applied  the  rule,  and  transformed  it  hack  into  a 
human-readahle  string. 

As  stateil  above,  the  system  was  originally  designed  simply  to  handle  tonal  systems  such  as  the 
one  discussed  for  Chinese.  However,  it  was  subsequently  determined  that  by  simple  additions  further 
aspects  of  autosegmental  theory  could  be  supported,  and  consequently  the  system  supports  feature 

>s.  syllable  structures,  word  and  morpheme  boundaries,  and  feature  matrices  (as  in  Chomsky 
and  Halle  (19(58)).  Supported  rule  operations  include:  deletion  of  segments:  insertion  of  segments: 
segment  connection;  breaking  of  connections:  metathesis,  in  which  a  segment  is  moved  somewhere 
else  on  its  tier  (t.g..  "atr"  might  become  ''art'  ):  spreading,  in  which  a  segment  connected  to  another 
segment  on  a  different  tier  becomes  connected  to  the  latter  segment's  neighbors1:  and  segment 
replacement.  Both  word-internal  and  sandhi"  rules  are  supported,  and  the  system  allows  (if  feature 
trees  or  matrices  are  used)  phonemes  to  be  underspecified,  with  trees  or  matrices  being  built  up 
before,  during,  and  after  rule  application.  Some  language-specific  parameters  relating  to  tones  may 
be  specified  (Goldsmith  1990.  page  18-19).  and  the  system  automatically  observes  the  association 
convention  (Goldsmith  1990,  pages  11-19).  conditions  against  line  crossing  (Goldsmith  1990.  page 
47).  and  conjunctions  against  connecting  segments  which  do  not  freely  associate  (Goldsmith  1990. 
pages  45-4(5)  (The  user  specifies  freely  associating  segments.) 

In  order  to  utilize  the  system,  the  user  must  first  specify  the  language  to  be  modeled.  One 
first  provides  a  name  for  the  language,  and  then  a  list  of  phonemes.  AMAR  is  not  limited  to  any 
given  system  of  orthographic  characters3,  so  the  user  could,  for  example,  specify  the  phonemes  of 
a  language  using  Multi-Lingual  Emacs  (MULE)  or  some  other  such  editor  which  allows  non- ASCII 
characters.  Next,  the  user  decides  upon  the  specification  method  to  follow,  choosing  from  CY. 
CV/Matrix,  X/Matrix.  CV/Tree.  and  X/Tree.  In  this  section  only  the  simplest  method.  CY.  will 
be  discussed.  This  method  allows  only  three  tiers — skeletal  (the  "skeleton."  containing  C's  and 
Y  s  to  which  other  segments  are  attached),  tonal  (containing  tones),  and  phonemic  (containing  the 
simplest  possible  representation  of  phonemes — their  names) — thus  basically  permitting  only  rules 
pertaining  to  tones,  without  reference  to  phonemic  features. 

Ill  CY.  the  user  would,  after  having  listed  the  phonemes,  specify  which  are  consonants  and  which 
are  vowels.  Tones  would  next  be  specified,  starting  with  whether  they  should  automatically  be 
connected  to  a  place  on  the  skeletal  tier  before  rule  application.  Other  tonal  specifications  include 
language  specific  parameters  such  as  the  number  of  tones  in  the  language,  the  maximum  number  of 
tones  per  vowel  and  vice  versa,  the  names  of  the  tones,  a  specification  of  freely  associating  segments 
(e.g.,  in  most  tonal  languages,  tones  freely  associate  with  vowels),  and  representations  for  characters 
with  tones  (for  example,  in  Chinese  a  might  represent  the  vowel  "a"  associated  with  the  tones  2  and 

4.) 

The  Mandarin  example  above  would  be  specified  by  first  describing  the  language,  starting  with 
the  name: 


Language  Mandarin: 


'See  section  3.3.5  for  a  more  complete  description  of  this  process. 

"rules  which  concern  the  interface  between  words — for  example,  a  rule  that  moves  the  final  tone  of  a  Wind  into  the 
following  word 

alt  hough  anything  not  composed  of  a  standard  alphabet  ical  character  followed  by  either  digits  or  standard  alpha¬ 
betical  characters  will  need  to  be  enclosed  in  quotation  marks 
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Mandarin  lias  tin-  following  | •  1 1<  memos  (expressed  basically  as  in  I’liiyin.  tin  » >rl  hunraphtc  system 
used  in  maiiilaiid  (  'lima): 

Phonemes:  a,  b,  c,  ch,  d,  e,  f,  g,  h,  1,  j,  k,  1,  m,  n,  o,  p,  q, 
r,  s,  sh,  t,  u,  "u" ,  w,  x,  y,  z,  zh. 

Tin'  specification  iin-tlnnl  is  ( '\ 

SpecMethod:  CV . 

Of  tin-  phonemes.  soiin-  art-  consonants.  and  some  an-  vowels: 

Vowels:  a,  e,  i,  o,  u,  "ti" . 

Consonants:  b,  p,  m,  f,  g,  k,  1,  n,  r,  s,  zh,  ch,  sh,  j,  q,  x,  d, 
t,  w,  y. 

We  wish  tones  to  he  initially  connected: 

ConnectTones 

Mandarin  lias  live  tone  levels: 

ToneLevels:  5. 

In  Mandarin  there  is  a  maximum  of  three  tones  per  vowel  and  no  maximum  number  of  vowels  per 
tone. 


MaxTonesperVowel :  3 . 

MaxVowelsperTone :  INFINITE.^ 

We  must  specify  how  to  represent  tones  in  the  input: 

ToneReps : 
a:  a  /  1  1, 

a:  a  /  3  1, 

S:  a  /  3  5  1 , 

a:  a  /  2  4, 

and  so  forth.  Finally,  we  must  specify  which  segments  associate  with  others.  In  Chinese,  as  in  most 
(probably  all)  tone  languages,  tones  associate  freely  with  vowels,  anil  skeletal  segments  associate 
with  phonemes: 

Associates:  {segment{T},  segment{V} } ,  {segment{X},  segment {P } }'. 

After  the  language  has  been  specified,  the  user  must  then  specify  a  set  of  rules,  in  the  order 
in  which  they  will  be  applied.  For  example,  the  tone  shortening  rule  referred  to  above  would  be 
expressed  as  follows: 

Rule  "Long  Tone  Shortening": 

NoWordBounds 
NoMorphBounds 
Tiers : 

skeletal:  V  CO  V, 

tonal:  3  (5)  1  351. 

Connections : 

3 [1]  -  V[l]  , 

5[1]  —  V[l], 


id 


4 or  leave  this  field  blank 

'this  struct  lire  will  be  explained  later 


1C1]  --  vci], 

3  [2]  —  V  [2]  , 

5 [2]  —  V[2]  , 

1  [2]  —  V  [2]  . 

Effects : 

5 [1]  ->  0. 

Note  that  individual  segment*  may  l>e  referred  to  in  any  of  the  following  methods,  a*  long  as  no 
ambiguity  is  introduced:  the  name  of  the  segment  alone  (il  there  is  only  one  such  segment  in  the 
chart),  the  name  of  the  segment  followed  by  a  number  in  brackets  indicating  which  occurrence  ol 
the  segment  is  to  be  selected  (counting  starting  at  one.  from  left  top  to  right  bottom),  or  the  name 
of  the  segment  followed  by.  in  brackets,  a  number  indicating  which  occurrence  it  is  on  a  given  tier 
and  the  name  of  that  tier.  For  example,  in  the  previous  rule.  CO  could  have  been  referred  to  as  CO 
(since  it  is  unique),  C0[1]  (since  it  is  the  first  instance  of  CO  in  the  chart),  or  C0[l,  skeletal] 
(since  it  is  the  first  instance  of  CO  on  the  skeletal  tier.) 

Inputs  may  be  provided  directly  from  the  keyboard  (standard  input),  or  from  a  file.  Outputs 
will  be  sent  to  standard  output,  where  they  may  be  redirected  to  a  file,  if  desired,  for  example,  if 
in  the  example  above  the  language  was  specified  in  the  file  chiuese.  the  inputs  were  specified  in  the 
file  Chinese. ipt.  and  the  user  wishes  to  redirect  output  to  the  file  cliinese.opt.  then  the  command 

amar  Chinese  Chinese. ipt  >  Chinese. opt 

would  be  used.  This  would  allow,  for  example,  the  comparison  of  program  outputs  with  some  file 
of  expected  outputs.  Since  inputs  may  be  taken  from  standard  input  and  outputs  are  directed  to 
standard  output,  the  system  could  be  used  in  a  language  processing  system  -for  example,  input 
could  lie  redirected  to  come  from  a  dictionary  of  some  kind,  and  the  system  would  be  set  up  to 
produce  an  output  form  needed  by  a  parser,  to  which  the  output  could  be  redirected. 
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Chapter  2 

Background 


There  exist  two  widely-used  systems  for  computational  phonology:  KIM  MO— a  morphologically- 
oriented  system  based  in  an  SPE-influeuced  two-level  model  of  phonology,  and  the  Delta  Pro¬ 
gramming  Language  a  phonetically-oriented  system  based  loosely  on  metrical  and  autosegmental 
phonology:  in  addition  there  may  be  other  systems  unknown  to  the  author. 


2.1  KIMMO 

The  KIMMO  system  is  based  on  a  two-level  model  of  phonology  devised  by  the  Finnish  compu¬ 
tational  linguist  Kimnio  Koskenniemi  and  described  by  him  in  a  series  of  publications  starting  in 
1983  (Koskenniemi  (1983a.  1983b.  1984,  1985).  Karlsson  and  Koskenniemi  (1985)).  In  this  model, 
all  phonological  rules  operate  in  parallel,  with  no  intermediate  representations  that  is.  all  rules  di¬ 
rectly  relate  the  surface  form  to  the  input  form.  KIMMO  represents  phonological  and  morphological 
rules  as  finite  state  transducers:  the  rules,  operating  in  parallel,  move  over  an  input  string  in  one 
direction  only  and  generate  an  output  form  for  each  character  (including  "null"  characters  for  which 
there  is  an  output  form  and  no  input  form.)  Implementations  of  KIMMO  exist  in  LISP  (KIMMO. 
Lauri  Karttunen  1983).  Xerox  INTERLISP/D  (DKIMMO/TWOL.  Dalrymple  d  cl.  1987)J.  Prolog 
(Pro-KIMMO.  Sean  Boisen  1988),  and  ('  (PC '-KIMMO.  Antworth  d  al.  1990.) 

Due  to  its  finite  transducer  representation  of  rules  and  its  two-level  model.  KIMMO  runs  ex¬ 
tremely  quickly  for  most  applications.  Barton,  Berwick,  and  Ristad  (1987)  shows  that  KIMMO  uses 
an  exponential  algorithm,  rather  than  an  algorithm  linearly  proportional  to  the  length  of  the  input, 
as  Koskenniemi  had  originally  claimed,  but  the  speed  is  nevertheless  higher  than  that  of  competing 
phonological  systems.  Because  of  its  morphological  bent.  KIMMO  handles  morphological  rules  quite 
well.  For  example,  there  might  be  a  rule  adding  the  ending  - oj  to  signify  the  plural  in  Esperanto. 
This  rule  could  be  specified  by: 

PLTRAL:oj  <=>  +:0 _ 

Thus,  KIMMO  could  receive  a  lexical  representation  such  as  libr+PLCRAI .  and  return  a  surface 
form  libroj .  or  it  could  just  as  easily  take  libroj  and  return  libr+PL  I'RAL.  In  a  system  like  AMAR. 
one  would  have  to  represent  “PLER  AL"  as  some  sort  of  phoneme  or  tone  (c/  the  Arabic  example  in 
section  4.4),  and  with  one  rule  system  in  AMAR.  one  can  only  go  in  one  direction,  so  AMAR  would 
only  support  something  like  libr+PLI'RAL  to  libroj. 

KIMMO  is  indeed  fast  and  adequate  for  many  rule  systems.  However,  it  has  weaknesses  in 
the  areas  of  notation,  rule  ordering,  nonlinear  representations,  and  nonconcatenative  morphology 
(Antworth  1990.  Anderson  1988.  pages  11-12  and  530-534.  respectively).  Many  implementations 
require  the  user,  for  each  rule,  to  translate  by  hand  from  two-level  notation  to  a  table  of  state  tran¬ 
sitions.  In  addition,  the  two-level  notation  itself  is  rather  foreign  to  traditional  (non-computational) 


1  This  implementation  accepts  two-level  rules  written  in  linguistic  notation  and  automat ically  compiles  them  into 
finite  state  transducers 


morph  morph 

[+high] 


[•'idlin'  "2-1:  Turkish  High  YowH  f ion  Rule 

morph 

A  H  y  o  r 

<t>  VL  V  C  V  C 
morph 

Figure  "2-’2:  Hyor  Vowel  Deletion  Kule 

linguists,  who  tend  to  he  most  familiar  wit  It  replacement  rules,  i.t..  rules  of  the  form  "a  heroines  b 
in  the  environment  r."  Aside  from  notation,  the  two-level  modtl  (which,  as  it  roughly  corresponds, 
under  certain  conditions,  to  a  Turing  machine,  should  he  able  to  handle  any  computation)  greatly 
complicates  development  of  complex  rule  systems.  For  example,  in  the  Turkish  language  there  is 
a  rule  (Oflazer  190;).  see  figure  2-1)  that  deletes  a  high  vowel  if  it  is  immediately  preceded  hy  a 
morpheme  ending  in  a  vowel.  However,  this  rule  does  not  apply  if  the  high  vowel  is  part  of  the 
morpheme  "Hyor"  (where  "H"  refers  to  a  high  vowel  unspecified  for  roundness  and  hackness.)  In¬ 
stead.  the  preceding  vowel  is  deleted.  In  KIMMO.  this  behavior  is  represented  hy  finite  transducers 
corresponding  to  the  three  rules: 

H:0  =>  V  (V)  -f:0 _ 

which  translates  to  "II  only  hut  not  always  corresponds  to  MI'LL  when  preceded  hy  a  vowel  before 
a  morpheme  boundary,  which  corresponds  to  a  surface  NULL." 

H:0  /  <=  Y:0  +:U _ yor 

which  translates  to  "H  never  corresponds  to  NULL  when  preceded  by  a  vowel  and  morpheme  bound¬ 
ary.  both  to  he  deleted,  and  followed  hy  'yor'"  and 

A:0  <=> _ +:0  H:<*  yor 

which  translates  to  "A  (a  low,  non-round  vowel  unspecified  for  hackness)  always  and  only  corresponds 
to  NULL  when  followed  hy  a  morpheme  boundary  and  Hyor.  regardless  of  the  surface  representation 
of  H. '  Of  these  rules,  the  second  acts  simply  to  tell  the  first  rule  not  to  apply  whenever  the  third  rule 
applies.  In  an  ordered  rule  system,  such  as  that  modeled  hy  AMAR.  only  two  rules  would  he  needed, 
since  the  application  of  a  rule  deleting  the  vowel  preceding  "Hyor”  would  modify  the  environment 
before  the  ”H."  and  preclude  it  front  being  deleted.  In  contrast.  AMAR  might  represent  such  a  rule: 

Rule  "Hyor  Deletion": 

Tiers : 

root:  A  "]m"  "m["  Hyor, 
skeletal:  V  "]m"  "m["  V  C  V  C. 

Connections : 

A  —  V[l], 

H  —  V  [2]  , 
y  —  C[l], 
o  —  V[3], 
r  —  C[2] . 

Effects : 

A  ->  0, 

V[l]  ->  0. 


16 


V 


V 


H  L  H 

(a)  (b) 

Figure  2-3:  Representation  of  High  and  Rising  loin  s  in  Autosegmental  Notation 

V  V 

H  L 

Figure  2-1:  Mende  High  Tone  Assimilation  Hide 


(Figure  2-2  shows  the  conventional  autosegmental  representation  of  this  rule.)  This  rule  would  then 
he  followed  |>y  the  rule  of  high  vowel  deletion  (shown  in  conventional  notation  in  figure  2-1): 

Rule  "High  Vowel  Deletion": 

Tiers : 

high:  "]m"  "m["  +high, 

skeletal:  V  "]m"  "m["  V. 

Connections : 

V [2]  —  +high. 

Effects : 

V[2]  ->  0. 

In  addition  to  the  complications  brought  about  by  the  lack  of  rule  ordering.  KlMMO's  unilinear 
representation  (all  phonological  elements  must  be  represented  as  a  single  linear  string  of  symbols) 
disallows  any  sort  of  rule  relying  on  a  multi-tiered  representation  {(.g..  any  rule  of  autosegmental 
or  non-linear  phonology.)  To  handle  systems  best  described  by  such  rules.  KIMMO  must  rely  on 
brute-force  methods  by  simply  listing  all  alternatives.  For  example,  in  the  West  African  language 
Mende  (Ant worth  1990,  Halle  and  Clements  1983).  a  lexical  low-tone  corresponds  to  a  surface  high 
tone  after  a  lexical  high  or  rising  tone.  In  ait  autosegmental  representation,  a  high  tone  would 
be  represented  as  in  figure  2-3a.  whereas  a  rising  tone  would  be  represented  as  in  figure  2-3b.  As 
seen  from  the  right,  therefore,  a  high  tone  is  exactly  the  same  thing  as  a  rising  tone.  That  is. 
autosegmental  theory  would  posit  that  any  rule  that  matches  both  a  high  and  a  rising  tone  actually 
is  matching  a  vowel  whose  rightmost  tone  is  high.  Thus,  an  autosegmental  system  could  represent 
the  rule  simply  as  in  figure  2-4,  whereas  KIMMO  has  to  clumsily  mention  both  high  and  rising  tones: 

' : '  <=>  ['!']-  V  +:()«') 

I )  there  were  any  other  type  of  tone  structure  in  Mende  ending  with  a  high  tone,  for  example  a 
falling  and  rising  tone  such  as  the  low  tone  of  Mandarin,  the  autosegmental  rule  would  correctly 
match  that  as  well,  whereas  KIMMO  would  have  to  mention  every  possible  tone  contour  ending 
with  a  high  tone.  In  addition  to  the  previous  correspondence,  the  data  for  Mende  also  show  that  a 
lexical  rising  tone  before  a  surface  high  tone  becomes  a  surface  low  tone.  This  requires  two  more 
rules  in  KIMMO: 

V  <=  _  V  +:0  (C)  :  ’ 

V  =>  _  V  +:()  (C)  :' 


V  V 
L  H 

Figure  2-5:  Mende  Rising  Tone  Shortening  Rule 
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Figure  2-(i:  Infixation  Rule  of  Tagalog 


morph 

RE 

root. 

C  C  V  C  V 

morph  ro° 


Figure  2-7:  Reduplication  Rule  of  Tagalog 


In  AMAR.  t his  requires  a  single  rule  (shown  in  conventional  notation  in  figure  2-5): 

Rule  "Rising  to  Low" : 

Tiers: 

skeletal:  V  V, 
tonal:  L  H. 

Connections : 

V[l]  —  L, 

V[l]  —  H, 

V  [2]  —  H. 

Effects : 

V [13  -Z-  H. 

Finally.  KIMMO  experiences  some  difficulties  with  nonconcatenative  morphology.  That  is,  KIMMO 
has  no  facilit  ies  for  moving  or  copying  segments,  so  a  language  such  as  3'agalog.  where  morphemes 
may  require  the  first  syllable  of  a  word  to  be  copied,  or  where  morphemes  need  to  be  placed  of 

a  word,  requires  awkward  maneuvers  with  large  finite  automata.  In  other  words.  KIMMO  is  not  fast 
for  languages  such  as  Tagalog,  and  its  representation  simply  does  not  adequately  describe  the  non- 


morph  morph 
[+nasal] 

place 


4>- 


c 


c 

<{>  <t> 


Figure  2-8:  Nasal  Coalescence  Rule  of  Tagalog 
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concatenat  ive  morphology  <>f  tliai  language.  Instead.  it  must  r<  ly  mi  clumsy.  I  >r  ill  •  method.-  to 

try  to  simulate  noiicoiioateiiative  morphologies  in  a  concatenat  ive  way  I  or  example,  three  processes 
found  in  Tagalog  are  ‘in  inlixal  ion.  (A  reduplication,  and  nasal  coalescence  (Antworth  HUHI).  If 
a  word  in  Tagalog  lie-ins  with  a  consonant,  the  infix  "in"  is  placed  between  t  lie  lirsl  consonant  and 
vowel  thus  the  surface  form  Cm  l  would  correspond  to  a  lexical  form  m  +  (  T  In  KIMMO  this 
would  he  represented  as: 

X.l)  => _  +  :()  C  l):i  O  n  V 

where  the  infix  has  to  he  represented  lexically  as  "\+ ".  In  other  words.  KIMMO  pretends  that 
the  infix  is  somehow  mysteriously  already  present  in  the  proper  position,  and  its  presence  is  merely 
signaled  by  some  artificial  infix  In  AMAH  the  rule  would  he  more  complicated,  hut  correspond  to 
the  more  natural  "in+".  and  would  move  the  infix  instead  of  deleting  and  reinserting  it~: 

Rule  Infixation: 

Tiers : 


vroot :  i 

'’]m" 

"m["  vroot, 

skeletal:  V  C 

"]m" 

"m["  C  V, 

croot :  n 

"]m" 

"m["  croot. 

Connections : 

V[l]  -  i, 

C[l]  —  n, 

C[2]  —  croot , 

V[2]  —  vroot . 

Effects : 

i  ->  "mC"  _  vroot, 
n  ->  croot 
C[l]  ->  C[2]  _, 

VCl]  ->  C[2] 

"]ni"  [1  .skeletal]  ->  0, 

"m[" [l .skeletal]  ->  0. 

Next,  (.’V  reduplication  copies  the  first  CV  of  a  root.  In  both  KIMMO  and  AMAH  (  A  reduplicative 
infixes  are  represented  lexically  In  RE+.  However.  KIMMO  treats  "HK"  as  two  actual  letters, 
and  simply  has  a  rule  for  every  single  letter  in  the  language.  Thus,  the  statement  "copy  the  first 
consonant  and  vowel  of  the  root"  becomes: 

If  the  first  letter  of  the  root  is  "p.“  replace  "R"  with  "p."  If  the  first  letter  is  "t."  replace 
“R"  with  "t and  so  forth  for  every  consonant  in  the  language.  Next .  if  the  second  letter 
of  the  root  is  "a."  replace  "E"  with  "a."  If  the  second  letter  of  the  root  is  "e."  replace 
"E"  with  "e."  and  so  forth  for  every  rout  I  in  the  language. 

The  rules  would  be  stated  as  follows  (where  should  be  replaced  by  a  list  of  all  consonants  or 

vowels  in  Tagalog): 

R:{p,t.k.. . . }  =>  _ E:V  +:U  {p.t.k.. .  . } 

E:{a.i.u.. . . }  =>  R:C _ +:()  C  {a.i.u.. . . } 

The  process  in  AMAR  proceeds  regardless  of  whatever  consonants  anti  vowels  there  are  in  Tagalog. 
It  in  fact  does  not  even  need  to  copy  the  vowels  and  consonants  at  all.  but  simply  creates  a  new  C 
slot  and  a  new  V  slot  in  the  skeletal  tier  and  connects  them  to  the  original  representations  of  the 
consonants  and  vowels  in  a  manner  consistent  with  what  most  linguists  believe  actually  occurs'3: 

Rule  Reduplication: 


2 Illustrated  in  conventional  notation  in  figure  2-f>. 
Illustrated  in  conventional  notation  in  figure  2-7. 
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Tiers : 

vroot :  vroot , 

skeletal:  C  "]m"  "mC"  C  V, 
croot :  RE  “Is"  "m[  croot . 

Connections : 

C[l]  —  RE, 

C[2]  —  croot, 

V  —  vroot . 

Effects : 

croot  : : C  /  _  C [2] , 
vroot  V  /  _  C[2], 

C[l]  ->  0, 

"]ra"  ->  0, 

"m["  ->  0. 

The  final  Tagalog  process  under  discussion  here  is  nasal  coiilescence.  m  which  a  consonant  following 
"V  (which  represents  a  nasal  unspecified  for  point  of  articulation)  picks  up  the  N's  nasality  while 
keeping  its  own  point  of  articulation.  1  lie  ".V  then  disappears  (or.  it  could  he  said  that  the  '.Y 
coalesces  with  the  following  consonant . )  For  example.  ina.X+pili  would  yield  “maiuili."  inaX+lahi 
would  yield  "manahi."  and  muX+kuha  "inaijuha."  KIMMO  represents  this  by  declaring  subsets  for 
labial  obstruant  stops  ("R").  coronal  obstruant  stops  ("T").  velar  obstruant  stops  ("K").  and  nasals 
("NAS")  and  declaring  deletion  correspondences: 


1* 

b  t  d 

k 

s 

a 

U 

0  0  0 

0 

0 

Cl 

1: 

1 

1  1  1 

1 

1 

1 

then  using  the  rules  (nasal  deletion  and  nasal  assimilation,  respectively): 

N:0  =>  _  (  +  :0)  (R:C  E:V  +:())  :NAS 
{P.T.K}:{m.n,tj}  <=>  N:  (+:0)  (R:C  F.  V  +:())  _ 

AMAR  represents  this  rule  as'1: 

Rule  Coalescence: 

Tiers : 


nasal : 

♦nasal 

"]m" 

place : 

"]tn" 

"nt[" 

place. 

croot : 

croot 

"Jm" 

"m[" 

croot , 

skeletal: 

(C) 

"]m" 

"m[" 

C. 

Connections : 

C[l]  —  croot [1] , 
croot [1]  —  +nasal, 

C[2]  —  croot  [2], 
croot [2]  —  place. 

Effects : 

M]nt" [1  .skeletal]  ->  0, 

"m[”[l, skeletal]  ->  0, 
croot [2]  ::  +nasal, 
croot [1]  -Z-  +nasal, 

CCl]  ->  0. 
croot [1]  ->  0. 

Up  till  now.  AMAR  has  not  shown  too  great  of  an  advantage  over  KIMMO  in  terms  of  number  of 
rules:  simply  two  fewer.  However,  in  Tagalog  more  than  one  of  these  processes  may  apply  in  a  single 

J  Must rated  in  conventional  notation  in  figure  '2-8. 
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word  Wln'ii  they  do.  (A  ivduplicat ion  precedes  "in  iulixat  ion  and  nasal  coalescence  (tin-  hist  two 
du  not  apply  m  tlm  saim-  wolds.)  AMAH  lake*  care  of  this  automat icallv.  simply  In  ordering  tin 
Itllns.  In  KIMMO.  however.  all  tin-  rules  have  to  In-  rewritten  such  that  t  In  y  take  each  other  into 
account  ami  tin-  ordering  is  correct  1  Inis,  lor  example,  tin  full  version  of  the  consonant  halt  of  (  A 
rediiplicat  ion  hecomes: 

H:{ p.m.t  .n.k.ip.  .  .  }  <=> _  (tl:i  0 : n )  E:  V  -f:U  { p.p.t  ,t  .k.k ..  .  .  } : { p.m ,t  .u.k.ij . .  .  .  } 

The  actual  rule  used  In  KIMMO’.  which  the  user  would  have  to  enter  in  many  implementations, 
would  lie  the  following: 

H  K  H  H  H  H  0  tl  I.  +  p  p  t  t  I;  k  <> 

pint  n  k  i)  i  n  \'  U  p  m  l  n  k  i|  (| 

~T:  2  a  8  Tl  R  Ft  i  i  i  i  i  I  I  i  i  i  T- 

2.  0  0  I)  0  0  (I  2  2  :|  t)  0  (t  0  0  0  (I  I) 

u  o  o  o  o  o  o  o  o  i  u  u  o  u  o  o  ti 

I.  0  (I  U  t)  0  0  0  0  U  (I  1  I)  0  (t  (I  0  u 

0  0  0  0  0  0  r,  (i  o  0  0  0  0  0  0  0 

0.  0  0  0  0  0  0  0  0  (I  7  0  0  0  0  0  0  0 

7.  0  0  0  0  0  0  0  0  0  0  0  I  (I  0  0  0  0 

8.  0  0  0  0  0  0  8  N  0  0  0  0  0  0  0  0  0 

9.  0  0  0  0  0  0  0  0  0  10  0  0  0  0  0  0  0 

10.  0  0  0  0  0  0  0  0  0  0  0  0  1  0  0  0  0 

II.  0  0  0  0  0  0  11  11  12  0  0  0  0  0  0  0  0 

12.  0  0  0  0  0  0  0  0  0  HI  0  0  0  0  0  0  0 

IT  0  0  0  0  0  0  0  0  0  0  0  0  0  i  0  0  0 

14.  0  0  0  0  0  0  14  14  17)  0  0  0  0  0  0  0  0 

15.  0  0  0  0  0  0  0  0  0  10  0  0  0  0  0  0  0 

10.  0  0  0  0  0  0  0  0  0  0  0  0  0  0  1  0  0 

17.  0  0  0  0  0  0  17  17  1*  0  0  0  0  0  0  0  0 

18.  0  0  0  0  0  0  0  0  0  19  0  0  0  0  0  0  0 

19.  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  1  0 

2.2  The  Delta  Programming  Language 

The  Delta  programming  language  (Hertz  1990)  is  a  stream-based  implementation  of  nonlinear 
phonology  and  phonetics,  descended  from  the  linear  (SPE-based)  rule  development  system  SRS 
(Hertz  1982.)  The  Delta  system  takes  a  metrical  approach  to  nonlinear  phonology,  as  opposed  to 
AMAR's  primarily  autosegmental  approach.  That  is.  the  data  used  by  the  system  takes  the  form 
of  “Deltas."  or  groups  of  synchronized  streams  corresponding  loosely  to  AMAR’s  charts  made  up  of 
tiers.  Thus,  the  Bambara  phrase  “muso  ja:bf  might  be  represented  as: 

word:  I  noun  I  verb  I 

morph:  I  root  I  root  I 

phoneme :  I  m  I  u  I  s  I  o  I  I  j  I  a  Iblil 

CV:  ICIVICIVI  I  C  I  V  |  V  I  C  I  V  I 

nucleus:  I  Inucl  Inucl  I  I  nuc  I  Inucl 

syllable:!  syl  I  syl  I  I  syl  I  syl  I 

tone:  I  L  !  H  I  L  I  H  I 

123456789  10  11 

Nothing  is  explicitly  connected  to  anything  else,  but  rather  simply  ordered  with  respect  to  one 
another  by  means  of  synchronization  lines.  In  AMAR.  as  in  autosegmental  phonology,  this  might 

'Condensed  with  t tie  false  assumption  that  Tagalog  only  contains  the  underlying  consonants  “p.“  "t."  and  "k." 
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Figure  2-9:  Autosegmental  Representation  of  "rniiso  ja:bi" 

l>e  represented  as  in  figure  2-9'\  In  order  to  modify  data,  the  user  of  Delta  writes  a  program  in 
the  Delta  programming  language  (Hertz  1990).  which  might  typically  read  in  some  portion  of  input, 
transform  it  into  a  Delta  of  appropriate  values  and  then  modify  synchronization  lines  and  stream 
tokens  (the  equivalent  of  segments  in  AMAR)  in  order  to  simulate  the  application  of  rules. 

The  Delta  programming  language  has  great  advantages  in  power  and  flexibility.  The  user  may 
program  almost  any  desired  behavior  (within  the  limits  of  synchronized  streams),  using  the  general 
purpose  computer  language  C  (Kernighan  and  Ritchie  1988)  whenever  the  Delta  programming  lan¬ 
guage  lacks  some  feature.  Moreover,  any  stream  (or  "tier."  in  autosegmental  terms)  may  contain 
numbers  or  tokens  with  a  name  and  any  number  of  faiturt s  (in  Delta,  objects  that  may  be  either 
binary-  or  multi-valued,  thus  corresponding  loosely  to  AMAR  features  and  class  nodes).  T  his  prop¬ 
erty  allows  the  user  to  specify  phonetic  information  such  as  duration  and  frequency  in  addition  to 
the  phonological  information  allowed  by  the  current  version  of  AMAR. 

Along  with  Delta's  advantages,  and  in  some  cases  because  of  them,  there  are  a  few  disadvantages 
that  will  be  felt  more  or  less  depending  upon  the  intended  application.  Because  Delta  does  not 
assume  as  much  as  AMAR  about  the  theoretical  underpinnings  of  a  user's  work,  the  user  has  more 
flexibility.  However,  it  may  well  be  said  that  much  of  the  reason  for  developing  autosegmental 
phonology  was  to  redact  the  flexibility  allowed  by  previous  theories.  That  is.  too  much  flexibility 
allows  the  user  to  easily  make  mistakes  and  describe  languages  incorrectly  or  even  impossibly  the 
attempt  of  autosegmental  theory  is  to  describe  possible  human  languages  and  only  possible  human 
languages.  In  addition.  Delta  possesses  this  flexibility  because  it  is  a  programming  language.  Thus, 
the  user  must  learn  a  computer  language  and  a  way  of  thinking  significantly  different  from  that  of 
the  typical  linguist.  The  Delta  user  must  write  all  the  rode  for  matching  and  application  of  rules, 
dealing  with  line  crossing,  application  of  the  association  convention,  enforcement  of  conformance 
with  language  parameters,  the  behavior  of  freely  associating  segments,  etc.,  whereas  AMAR  handles 
all  of  these  automatically.  Thus,  Delta  enforces  a  procedural  view  of  phonology,  where  the  linguist 
must  specify  in  detail  what  is  to  happen  at  each  step  for  any  given  language,  as  opposed  to  the 
more  descriptive  model  of  AMAR,  in  which  the  user  specifies  only  how  a  given  language  is  different 
from  other  languages,  and  the  program  attempts  to  take  care  of  the  mechanics  common  to  all 
languages'.  Aside  from  the  Delta  System's  procedural  nature,  the  major  difference  between  it  and 
AMAR  is  that  it  is  limited  to  a  somewhat  two-dimensional  structure.  Segments  may  "connect"  or  be 
synchronized  with  segments  above  or  below  them,  but  a  structure  such  as  that  in  figure  2-10.  where 
each  segment  associates  with  three  other  segments,  would  be  impossible.  This  limitation  is  quite 
significant,  as  this  sort  of  structure  is  fairly  common  in  theories  of  feature  geometry,  for  example. 
Due  to  this  two-dimensional  nature.  Delta  cannot  handle  trees  such  as  those  postulated  by  Mohanan 
(1983)  (Mohanon  1983).  Clements  (1985b)  (Clements  1985).  and  Sagey  (1980)  (Sagey  1980).  thus 


Mil  AMAR  tile  user  would  not  directly  manipulate  a  textual  representation  of  a  phrase  as  would  a  user  of  Delta. 

1  However,  tile  user  of  AMAR  must  still  specify  tile  features  and  tree  structure  for  each  language,  although  these 
are  considered  universal.  This  requirement  follows  because  linguists  have  not  come  up  with  any  more  or  less  agreed 
upon  universal  structure. 
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Figure  2- 1 1 :  Autosegmeutal  R<  present  at  ion  of  Some  Rules  of  Bamliara 


excluding  imicli  of  current  autosegmental  theory. 

The  different  ways  in  which  linguistic  prohleins  ar<'  modeled  in  Della  and  AMAR  can  he  shown 
in  the  African  tonal  language  Bamhara.  In  B;  mbara  there  are  two  tone  levels,  and  floating  tones 
are  used  as  morphemes.  <  .</.  to  indicate  what  in  English  would  he  expressed  hy  a  definite  article. 
Thus,  an  indefinite  noun  is  distinguished  from  a  definite  noun  hy  the  addition  of  a  floating  low  tone. 
When  a  morpheme  has  additionally  a  floating  high  tone,  there  is  an  interaction  between  the  two 
tones.  Normally,  a  floating  high  tone  moves  forward  into  the  next  morpheme.  If  it  is  blocked  hy  a 
low  tone,  however,  it  moves  into  the  preceding  morpheme.  The  rightmost  tone  of  each  morpheme 
is  then  connected  to  the  rightmost  vowel,  and  tones  pair  up  with  vowels  from  right  to  left,  with 
the  leftmost  vowel  spreading  to  any  extra  tones  if  there  are  more  tones  than  vowels  or  the  leftmost 
tom  spreading  to  extra  vowels  if  there  are  more  vowels.  Autosegmentally.  these  processes  might  he 
represented  hy  the  four  rules  shown  in  figure  2-11.  In  Delta,  the  effects  would  he  carried  out  by  the 
following  code  (in  addition  to  the  code  required  to  specify  the  language  and  set  things  up.  read  in 
the  inputs,  etc): 

::  Forall  rule  for  floating  High  tone  assignment: 

::  Forall  floating  H  tones  ("bh  =  "before  H",  "ah  =  "after  H")... 

forall  (['/.tone  _*bh  H  !‘ah]  &  ['/.morph  _"bh  "ah])  -> 
do 

if 

: :  If  the  floating  H  occurs  before  a  floating  L, 

: :  move  the  H  tone  into  the  end  of  the  preceding 
: :  morph.  Otherwise,  insert  the  H  tone  at  the 
: :  beginning  of  the  following  morph.  Moving  the  H 
: :  tone  is  accomplished  by  inserting  a  new  H  tone 
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:  and  deleting  the  floating  one. 

(['/.tone  _‘ah  L  !‘al]  &  [‘/.morph  _‘ah  "all )  -> 
insert  [‘/.tone  H]  . ..‘bh; 
else  ->  insert  [‘/.tone  H]  ‘ah...; 
fi; 


: :  Delete  original  floating  H  &  following  sync  mark: 

delete  ‘/.tone  'bh...'ah; 
delete  ‘/.tone  'ah; 
od ; 

: :  Forall  rule  for  sync  mark  merging: 

::  For  each  morph  ("bm  =  "begin  morph",  ‘am  =  "after 
::  morph")... 

forall  [‘/.morph  _‘bra  <>  !‘am]  -> 
do 

: :  Set  ‘bs  (begin  syllable)  and  ‘bt  (begin  tone) 

: :  to  ‘am  (after  morph) : 

‘bs  =  ‘am; 

‘bt  =  'am; 

repeat  -> 
do 

: :  Set  ‘bt  before  the  next  tone  token  to  the 
: :  left.  If  there  axe  no  more  tone  tokens  in 
::  the  morph  (i.e.,  *bt  has  reached  *bm) ,  exit 
: :  the  loop. 

[V.tone  ! ‘bt  <>  _‘bt]; 

(*bt  ==  *bm)  ->  exit; 

;  :  Set  ‘bs  before  the  next  syllable  token  to 
::  the  left.  If  there  are  no  more  syllable 
tokens  in  the  morph,  exit  the  loop. 

[‘/.syllable  !  ‘bs  <>  _‘bs]  ; 

(‘bs  ==  'bm)  ->  exit; 

:  Merge  the  sync  mark  before  the  tone  and  the 
::  sync  mark  before  the  syllable: 

merge  ‘bt  ‘bs; 
od; 

od ; 

In  AMAR.  tlie  user  would  define  the  following  rules: 

Rule  "Floating  High  Tone  Metathesis": 

Tiers : 

tonal:  "]m"  H  "m[". 

Effects : 

H  ->  "ra["  _. 

Rule  "Floating  High  Tone  Metathesis  (part  2)": 
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Tiers : 

tonal:  "Dm"  H. 

Effects : 

H  ->  _  "]m" . 

Rule  "Initially  Connect  Tones": 

Tiers : 

skeletal:  (V)  CO  ”]m", 
tonal:  (T)  "]m". 

Effects : 

V  :  :  T. 

Rule  "Spread  Left": 

Tiers : 

skeletal:  (V)  CO  V, 
tonal :  T . 

Connections : 

V  [2]  —  T. 

Effects : 

«  T  skeletal. 

The  rest  is  taken  care  of  automatically.  Note  that  the  Delta  representation  looks  much  like  any 
programming  language,  and  would  he  almost  completely  unreadable  to  a  linguist  untrained  in  com¬ 
puter  languages,  whereas  the  AMAH  representation  corresponds  exactly  to  the  autosegmental  rules 
depicted  in  figure  2-11. 


2.') 
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Chapter  3 


Design  and  Overview 


rile  AMAH  system  consists  of  two  major  parts:  (1)  an  interface,  where  t he  user  specifies  languages, 
rules,  and  inputs:  and  (2)  internals  that  store  the  specifications,  apply  rules  to  the  inputs,  and 
so  forth.  Thus,  the  system  may  he  viewed  from  three  points  of  view:  the  viewpoint  of  general 
linguistics,  that  of  the  user,  and  the  point  of  view  of  the  program  itself. 


3.1  Linguistic  Overview 

The  design  of  AMAR  involved  certain  decisions  with  regard  to  what  sort  of  linguistic  theories 
to  model,  exact  formalisms,  and  how  to  deal  with  situations  in  which  the  literature  known  to  the 
designer  does  not  specify  details  about  the  mechanisms  of  autosegment al  phonology.  These  decisions 
include  the  following:  the  exact  behavior  of  the  association  convention,  spreading,  inclusion  versus 
exclusion  of  pointers,  and  behavior  with  regard  to  redundant  features. 

With  regard  to  the  association  convention.  Goldsmith  (1990.  page  14)  states: 

When  unassociated  vowels  and  tones  appear  on  the  same  side  of  an  association  line, 
they  will  be  automatically  associated  in  a  one-to-one  fashion,  radiating  outward  from 
the  association  line. 

This  statement  does  not.  however,  define  the  extent  of  this  radiation,  the  behavior  at  boundaries,  or 
the  exact  time  of  application  of  the  convention.  The  current  AMAR  system  applies  the  association 
convention  about  each  association  line  produced  as  a  result  of  the  application  of  a  rule.  The  process 
occurs  after  each  application  of  every  rule,  if  the  application  generated  one  or  more  association 
lines.  In  AMAR.  the  association  convention  is  bounded  by  all  directly  supported  boundary  types 
(morpheme,  word,  and  phrase.)  When  the  pairing  process  reaches  a  boundary  in  one  tier  but  not 
in  another,  an  automatic  spreading  process  will  occur,  linking  all  unconnected  freely  associating 
segments  to  the  final  segment  anent  to  the  boundary  reached.  This  spreading  process  has  been 
assumed  by  Goldsmith,  but  other  phonologists  have  discovered  systems  in  which  the  process  does 
not  occur  (Pulleyblank  198b).  Therefore  the  next  version  of  AMAR  will  most  likely  not  perform 
this  spreading  automatically.  The  final  interpretation  of  Goldsmith's  statement  made  by  AMAR  is 
that,  in  addition  to  vowels  and  tones,  the  association  convention  is  assumed  to  apply  to  all  freely 
associat  ing  segments. 

In  some  theories  (such  as  that  described  in  Kenstowicz  (1994,  page  335)).  spreading  extends  until 
it  violates  the  line  crossing  condition.  Thus,  a  spreading  high  tone  would  be  predicted  to  create  a 
contour  tone  (here,  a  falling  tone)  with  the  next  low  tone,  since  there  would  be  no  prohibition  against 
it  spreading  onto  the  vowel  connected  to  the  low  tone.  In  the  current  version  of  AMAR,  however, 
spreading  was  implemented  such  that  it  only  extends  to  unconnected  segments.  The  next  version  of 
AMAR  may  redefined  spreading  to  correspond  to  the  former.  less  restrictive  theory,  however. 

When  AMAR  was  designed,  the  author  was  under  the  impression  that  articulatory  pointers,  as 
introduced  by  Sagey  (1986),  were  not  commonly  used.  Therefore,  no  facility  currently  exists  to 
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support  this  feature.  However,  it  appears  that  such  pointers  are  coming  into  increasing  use.  and  the 
next  version  of  AMAH  will  include  some  such  facility. 

Occasionally  a  system  will  occur  in  which  a  class  node  will  lie  linked  to  a  feature  such  that  the 
class  node  has  two  of  the  same  feature.  In  this  case  there  are  three  things  that  could  happen  (all  three 
are  relied  upon  by  different  linguists  espousing  various  theories  about  autosegmental  phonology): 
the  old  feature  could  he  deleted,  both  features  could  be  kept,  or  the  old  feature  could  be  deleted 
only  if  the  two  features  have  the  same  value.  AMAH  takes  the  first  course,  although  if  one  uses  the 
”-ks'  option  the  second  will  be  chosen 

3.2  User  Interface 

From  the  viewpoint  of  the  user.  AMAH  acts  much  like  a  programming  language.  One  first  uses  a 
semi-programmatic  format1  to  specify  a  language  with  a  system  of  rules,  and  one  may  then  filter 
inputs  through  these  rules.  Within  this  specification  file,  the  user  provides  the  name  of  the  language, 
a  specification  of  the  language's  phonemes,  a  description  of  the  tonal  system,  a  list  of  free  associates, 
a  set  of  definitions  (essentially  macros  used  to  simplify  rule  definitions),  and  the  rules  of  the  language. 
The  format  is  as  follows: 

The  first  line  of  an  A\1AR  specification  file  must  be 
Language  identifier: 

where  identifier  may  be  an  alphabetical  character  (upper  or  lower  case  "a”  through  ”z"  with  no 
diacritics)  followed  by  a  sequence  of  such  characters,  possibly  interspersed  with  digits.  If  enclosed 
with  quotation  marks,  however,  an  identifier  may  contain  any  characters  other  than  tabs,  spaces, 
periods,  new  lines,  sharp  signs  (''#").  pluses,  or  quotation  marks.  For  example,  in  the  Mandarin 
example  this  line  was  "Language  Mandarin:". 

3.2.1  Phoneme  Specification 

Following  the  language  name  specification  is  the  phoneme  specification.  This  begins  with  a  specifi¬ 
cation  of  the  names  of  all  the  phonemes,  in  the  form: 

Phonemes:  identifier,  ...,  identifier. 

that  is.  the  word  "phonemes"  followed  by  a  colon,  a  list  of  identifiers  (as  above),  separated  by  com¬ 
mas.  and  a  period.  Note  that  statements  in  the  AM  AR  language  follow  the  general  form  of  a  keyword 
followed  by  a  colon,  then  a  specification  of  some  sort — possibly  an  identifier,  a  comma-separated  list, 
or  some  more  complicated  specification — and  finally  ending  with  a  period.  Capitalization  does  not 
matter  in  the  case  of  keywords  such  as  "language,"  "phoneme.”  etc.  Note  also  that,  throughout  the 
language  specification  file,  no  two  identifiers  may  refer  to  the  same  thing,  so.  for  example,  the  lan¬ 
guage  name  may  not  be  the  same  as  one  of  the  phonemes  of  the  language.  After  the  specification  of 
phoneme  names,  the  user  must  decide  among  the  possible  methods  of  phoneme  represent  ation:  CV 
(based  on  the  notation  generally  used  to  describe  simple  tone  languages).  CV/ Matrix  or  X/Matrix 
(similar  to  the  notation  used  in  SPE),  and  CV/Tree  or  X/Tree  (based  on  the  notation  of  feature 
geometry  developed  in  Mohanan  (1983).  Clements  (1985).  and  Sagey  (1986).)  The  method  chosen 
would  be  specified  by: 

SpecMethod:  method. 

where  method  can  be  any  one  of  CV,  CV/Matrix.  X/Matrix.  etc. 

CV  is  the  simplest  method,  allowing  only  three  tiers  (tonal,  skeletal,  and  phonemic).  In  this 
method,  the  skeletal  tier  is  occupied  by  C's  (consonants)  and  Vs  (vowels),  as  well  as  the  various 
boundaries  (word  and  morpheme).  The  phonemic  tier  simply  stores  the  representation  of  the  various 
phonemes  ((.g..  the  representation  for  "a"  would  be  "a."  as  opposed  to  some  indication  that  "a"  is  a 


'See  Appendix  for  full  grammar. 
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Figure  :{- 1 :  Feature  Matrix  fit-presentation  of  "a" 


low  hack  unrounded  vowel,  etc.)  This  representational  system  is  sufficient  for  tonal  languages  whose 
properties  are  unaffected  by  features  other  than  syllabicity.  IfCV  is  chosen,  the  next  line  must  be: 

Vowels:  identifier,  identifier. 


and  then: 


Consonants:  identifier,  ....  identifier. 

where  each  identifier  must  be  identical  to  one  of  the  phonemes  specified  earlier.  Note  that  either 
line  may  be  left  out  or  simply  consist  of  the  keyword  followed  by  a  colon  and  a  period,  in  which  case 
there  are  assumed  to  he  none  of  that  list.  The  list  of  vowels  must  precede  the  list  of  consonants  for 
this  reason,  as,  if  the  consonant  list  is  first,  the  program  will  assume  that  the  user  is  attempting  to 
say  that  there  are  no  vowels.  Any  phoneme  not  defined  to  he  a  consonant  or  vowel  is  assumed  to 
be  an  X. 

CV/Matrix  differs  from  CV  only  in  that  its  phonemic  tier  contains,  instead  of  simple  featureless 
representations,  matrices  of  features  corresponding  to  the  notations  of  the  SPE  theory.  Thus,  "a" 
might  be  represented  as  in  figure  3-1.  This  system  is  primarily  useful  for  writ  ing  rule  systems  in  which 
autosegment al  notation  is  only  relevant  for  the  tonal  and  skeletal  tiers.  If  CV’/ Matrix  is  chosen,  the 
user  must  specify  the  consonants  and  vowels  as  for  CV  above  and  then  the  features,  in  three  sections: 
"Features."  "Defaults,"  and  “FullSpecs."  One  specifies  features  first  by  listing  all  the  features  used 
in  the  language.  This  specification  is  accomplished  in  the  "Features"  section,  with  the  same  syntax 
as  for  the  "Phonemes"  section  (following  the  keyword  "Features.")  The  default  section  builds  sets  of 
features  that  correspond  to  all  the  specified  phonemes — when  phonemes  are  encountered  in  the  input 
(that  to  which  the  rules  are  to  apply),  they  will  he  replaced  with  a  matrix  of  features  as  specified  in 
this  section.  The  matrices  specified  in  the  default  section  can  be  ambiguous.  That  is,  the  program 
will  work  fine  if  two  phonemes  end  up  having  the  same  default  representation,  but  something  must 
happen  to  disambiguate  then1.  The  rules  can  add  additional  features  to  various  matrices  in  the 
chart,  and  after  rules  have  applied,  the  program  checks  matrices  in  the  chart  (produced  by  applying 
the  rules  to  the  input)  against  those  built  up  for  each  phoneme  in  the  default  and  full  specification 
sections  to  determine  which  phoneme  to  output.  Ideally,  the  matrices  built  up  from  both  the  default 
and  full  specification  sections  should  not  he  ambiguous.  Default  matrices  are  specified  as  follows: 

Defaults:  matrixspec,  ....  matrixspec. 

where  matrixspec  refers  to  one  of  the  following: 

identifier  ->  matrix 
identifier  ->  identifier 
identifier  ->  identifier  matrix 
any  ->  matrix 
any  ->  identifier 
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matrix  ->  matrix 
vowel  ->  matrix 
consonant  ->  matrix 

These  specifications  are  applied  in  order  from  top  to  bottom  the  program  matches  phonemes  against 
the  left  hand  side  of  the  specifications  (identifier  matches  a  particular  phoneme,  any  matches  every 
phoneme,  matrix  matches  all  phonemes  with  the  features  listed  in  the  matrix-,  and  consonant  and 
vowel  match  all  consonants  or  vowels,  respectively)  and  then,  if  the  right  hand  side  is  a  matrix, 
copies  the  features  from  the  right  hand  side  into  the  phonemes  matched.  If  tin-  right  hand  side  is 
an  identifier,  the  program  will  copy  the  features  from  the  phoneme  the  identifier  specifies  into  the 
phoneme  matched  by  the  left  hand  side,  and  if  the  right  hand  side  contains  both  an  identifier  and 
a  matrix,  features  will  be  copied  from  first  the  identifier  and  then  the  matrix.  If  a  phoneme  already 
has  some  feature  being  copied  into  it,  the  original  feature  will  be  replaced.  One  specifies  a  matrix 
as  follows: 


[  feature,  ...,  feature  ] 

where  feature  is  a  phonological  feature  (such  as  ±voire).  specified  by  or  nothing  followed 

by  an  identifier  naming  the  feature,  which  must  already  have  been  specified  in  the  “Features"  section. 
For  example,  a  voiceless  obstruant  (such  as  "p,"  “t,"  "ch."  etc.)  might  be  specified  by  means  of  the 

matrix  [-voice,  -sonorant]  . 

The  "FullSpecs"  section  is  specified  in  exactly  the  same  manner  as  the  "Defaults"  section,  except 
that  it  is  preceded  by  the  keyword  FullSpecs. 

X/Matrix  is  exactly  the  same  as  CV/ Matrix  except  that  syllabicity  must  be  specified  as  a  feature 
in  the  phonemic  tier  rather  than  as  an  element  of  the  skeletal  tier.  Instead  of  C"s  and  V"s,  the 
skeletal  tier  contains  X's.  This  system  is  useful  for  writing  rule  systems  similar  to  those  for  which 
CV/Matrix  is  appropriate,  but  in  which  the  rule  author  wishes  to  treat  syllabicity  as  a  feature.  To 
specify  phonemes  under  X/Matrix.  one  proceeds  as  described  above  for  CV/Matrix.  except  that  one 
may  not  specify  lists  of  consonants  and  vowels,  and  the  “Defaults"  and  “FullSpecs"  sections  may 
not  use  the  keywords  consonant  and  vowel  to  match  phonemes. 

C V /Tree  allows  the  user  to  employ  any  number  of  tiers,  and  represents  phonemes  as  trees  of 
features  linked  by  class  nodes,  as  first  proposed  in  Mohanan  (1983),  Clements  (1985).  and  Sagey 
( 1986).  The  CV/Tree  specification  method  allows  the  full  range  of  features  available  within  AMAR. 

After  one  has  chosen  SpecMethod:  CV/Tree,  one  must  specify  the  consonants  and  vowels  as 
described  above,  and  for  each  phoneme  the  phonemic  tree.  This  involves  specifying  the  general  tree 
and  then  defaults  and  full  specifications,  similarly  to  the  matrix  specifications.  When  specifying  the 
general  tree,  the  skeletal  tier  and  the  tonal  tier  will  already  have  been  specified  by  default.  Unless 
otherwise  specified,  the  skeletal  tier  acts  as  the  topmost  node  of  the  tree  (the  root),  and  the  tonal 
tier  is  the  immediate  inferior  of  the  skeletal  tier.  While  specifying  the  tree,  either  of  these  tiers  may¬ 
be  freely  referred  to  and  placed  anywhere  within  the  tree  structure.  The  following  syntax  must  be 
used  in  order  to  specify  the  general  phonemic  tree: 

Tree  {  node,  node,  .  .  .  ,  node  } 
where  node  may  be  any  one  of: 

{  identifier  } 

{  identifier  :  identifier  } 
or 

{  identifier  :  identifier  :  [identifier]  ,  . . .  ,  [identifier]  } 

Of  these,  the  first  creates  a  topmost  class  node3.  As  mentioned  previously,  this  is  by  default  the 
skeletal  tier,  but  this  method  may  be  used,  for  example,  to  create  a  syllable  structure  dominating 


2  more  on  this  later 

A  class  node  names  both  a  tier  and  a  segment.  That  is.  there  will  be  a  tier  with  the  name  of  the  class  node,  and 
this  tier  will  contain  only  segments  of  that  class  node  type. 


a 


onset 


rhyme 


nucleus  coda 


XXX 


Figure  3-2:  Typical  Syllable  Structure 


t he  skeletal  tier,  or  perhaps  even  morphemic  an<l  word- level  structures.  The  second  type  of  node 
specification  states  that  the  class  node  referred  to  by  the  first  identifier  is  an  immediate  inferior  of 
(i.( ..  is  directly  dominated  by)  the  class  node  referred  to  by  the  second  identifier.  It  is  an  error  if  the 
second  identifier  has  not  already  been  defined  to  refer  to  some  class  node,  but  if  the  first  identifier 
has  not  been  previously  used,  the  program  will  create  an  empty  class  node  and  place  it  as  an  inferior 
of  the  class  node  referred  to  by  the  second  identifier.  Note  that  this  process  of  defining  a  class  node 
as  inferior  to  another  also  defines  elements  of  the  tier  defined  along  with  the  class  node  as  freely 
associating  with  the  elements  of  the  tier  defined  along  with  the  other  node.  Finally,  the  third  type 
of  node  specification  builds  a  class  node  referred  to  by  the  first  identifier  (which  must  be  unique  and 
previously  unused),  defined  to  be  inferior  to  (and  freely  associating  with)  the  class  node  referred  to 
by  the  second  identifier.  The  class  node  thus  built  is  also  defined  to  dominate  (and  freely  associate 
with)  the  features  specified  as  a  list  following  the  second  identifier.  Each  feature  is  there  specified 
as  a  previously  unused  identifier  surrounded  by  square  brackets. 

As  an  example,  one  would  define  a  syllable  structure  like  the  one  illustrated  in  figure  3-2  as 
follows: 

Tree  { 

{sigma} , 

{onset:  sigma}, 

{rhyme:  sigma}, 

{nucleus:  rhyme}, 

{coda:  rhyme}, 

{skeletal:  onset}, 

{skeletal:  nucleus}, 

{skeletal:  coda} 

} 

After  the  general  tree  specification,  the  user  will  specify  defaults  and  full  specifications  in  a  fairly 
similar  manner  to  that  used  for  the  matrix  methods  above.  The  defaults  section  consists  of: 

Defaults:  default,  ...  ,  default. 

where  default  may  be  any  one  of: 

identifier  ->  segmentspec 
identifier  ->  identifier 
identifier  ->  identifier  matrix 
any  ->  segmentspec 
any  ->  identifier 

featureless  identifier  ->  segmentspec 
vowel  ->  segmentspec 
consonant  ->  segmentspec 
matrix  ->  segmentspec 
identifier  ->  matrix 
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any  ->  matrix 
vowel  ->  matrix 
consonant  ->  matrix 


or 


matrix  ->  matrix 

where  matrix  is  as  defined  above,  and  segnieutspec  may  !>e  any  one  of. 

segment  {  segspoc  } 

segment  {  segspec  identifier  } 

segment  {  segspec  :  segmentspee . segmentspee  } 


or 


segment  {  segspec  identifier  :  segmentspee,  ...  ,  segment  spec  } 

where  segspec  should  he  an  identifier  (referring  to  a  phoneme  or  class  node)"*,  which  may  either 
have  bet'll  defined  by  the  user  or  be  one  of  a  few  predefined  identifiers  referring  to  general  classes  of 
segments  and  predefined  segments,  as  illustrated  in  table  3.1.  Thus,  a  segmentspee  is  a  structure 
built  around  a  segspec.  This  structure  may  simply  be  the  segment  referred  to  by  a  segspec.  or  it 
may  have  a  specified  tier  (if  the  segspec  is  followed  by  an  identifier  naming  the  tier)  and  inferiors,  if 
the  segspec  is  followed  by  a  colon  and  a  comma-separated  list  of  segment-specs. 

The  defaults  section  matches  individual  phonemes  (by  identifier),  any  phoneme  (by  any),  conso¬ 
nants  or  vowels,  phonemes  with  the  features  specified  in  a  matrix,  or  phonemes  with  some  particular 
empty  class  node  (by  featureless  identifier,  where  identifier  refers  to  a  particular  class  node). 
After  a  phoneme  has  been  matched,  four  changes  could  be  made  to  it.  depending  on  the  right  hand 
side.  If  the  right  hand  side  contains  an  identifier,  the  phoneme's  definition  is  replaced  by  that  of 
the  identifier.  If  there  is  a  segmentspee.  the  segmentspee  is  added  to  the  phoneme  definition.  If 
there  is  a  matrix,  the  features  in  the  matrix  are  copied  (similarly  to  matrix  copying  for  the  Matrix 
methods)  into  the  phoneme  definition.  Finally,  if  the  right  hand  side  contains  both  an  identifier 
and  a  matrix,  the  phoneme's  definition  is  replaced  by  that  of  the  identifier,  and  the  features  in  the 
matrix  are  subsequently  copied  in.  The  full  specification  section  is  like  the  defaults  section  except 
that  it  is  preceded  by  the  keyword  "FullSpecs." 

X/Tree  is  identical  to  CV/Tree  except  that  syllabicity  must  be  specified  as  a  feature  instead  of 
by  listing  consonants  and  vowels.  By  extension,  the  defaults  and  full  specification  sections  may  not 
match  using  the  keywords  ■■consonant"  or  "vowel." 

3.2.2  Tone  Specification 

After  phonemes  have  been  specified,  the  user  must  next  specify  the  tones  of  a  language,  or  note  that 
it  has  none.  The  first  piece  of  information  the  user  may  supply  is  whether  tones  specified  in  the 
input  should  begin  connected  or  unconnected  to  the  rest  of  the  input  structure''.  Tones  will  begin 
connected  if  the  user  includes 

ConnectTones 

at  the  beginning  of  the  tone  specification  section. 

Next,  the  user  must  specify  the  number  of  tones  in  the  language: 

Numberof Tones :  number. 


‘’A  segspec  may  also  be  a  matrix  (referring  to  one  or  more  features),  a  number  (referring  to  a  tone,  as  will  be 
explained  later),  or  a  segspec  in  parentheses,  which  is  used  when  segspecs  are  used  in  rule  definitions,  to  slate  that 
exact  matching  must  be  used  with  the  segment. 

'According  to  most  autosegmental  theories  today,  tones  begin  unconnected  to  anything  else,  and  are  connected  by 
means  of  rules.  The  user  may  not  wish  to  deal  with  this,  however. 


32 


Predefined  blent ifh  r 

Meaning 

1* 

Phoneme  -  refers  to  any  phoneme. 

class  node,  feature,  or  feature  matrix 

I 

lone  -  refers  to  any  tone  regardless  of  pilch. 

V 

Vowel  -  refers  not  to  a  vowel  phoneme  but 

rather  to  a  V  segment  on  the  skeletal  tier 

(used  to  identity  vowels  in  (A  modes) 

(' 

(  onsonant  -  like  \  above 

X 

X  -  refers  to  an  X  on  the  skeletal  tier,  or  to  a  C  or  V 

■■***[■■ 

Morpheme  begin 

"]m" 

Morpheme  end 

Word  begin 

I"- 

Word  end 

VO 

Zero  or  more  vowels 

CO 

Zero  or  more  consonants 

xo 

Zero  or  more  X  s.  vowels,  or  consonants 

Table  3.1:  Predefined  Identifiers 


If  the  language  has  no  tones,  this  is  the  only  essential  part  of  the  tone  specification.  After  the 
number  of  tones,  the  user  specifies  the  maximum  number  of  tones  that  can  be  connected  to  a  vowel 
at  any  one  time  (f  .</..  in  Chinese  no  more  than  three  tones  at  a  time  can  be  connected  to  a  vowel.)  by 
following  MaxTonesPerVowel :  with  a  number  or  the  keyword  infinite.  The  user  may  then  specify 
the  maximum  number  of  vowels  that  can  be  connected  to  a  tone  at  any  one  time,  in  a  manner 
analogous  to  the  previous  (with  MaxVowelsPerTone).  If  this  is  greater  than  one.  then  a  single  tone 
may  spread  over  many  vowels,  as  commonly  occurs. 

By  default.  AMAH  refers  to  tones  by  their  level.  For  example,  if  there  are  five  tones,  the 
individual  tones  will  be  referred  to  by  the  numbers  one  through  five.  If  the  user  wishes  otherwise, 
for  example,  if  the  language  has  a  two  tone  system  and  the  names  "L”  anu  "H"  would  be  convenient, 
this  may  be  specified  as  follows: 

ToneNames:  identifier,  identifier .  identifier. 

where  the  identifiers  must  be  previously  unused,  in  order  from  level  one  to  the  highest  level,  and  of 
the  same  number  as  the  number  of  tones. 

In  order  to  facilitate  input  and  output,  t he  user  may  define  representations  for  various  phonemes 
connected  to  tones.  If  representations  have  not  been  defined,  only  floating  tones  (tones  not  initially 
connected  to  anything)  may  appear  in  the  input,  and  the  program  will  not  know  how  to  print  tones 
in  the  output,  so  any  phonemes  connected  to  tones  will  not  be  printed.  These  representations  are 
placed  in  a  section  preceded  by  the  keyword  ToneReps : .  are  separated  by  commas  and  terminated 
by  a  period.  There  are  two  types  of  tone  representations.  The  first  type  consists  of  a  phoneme 
connected  to  one  or  more  tones,  which  is  represented: 

identifier  :  identifier  /  segspec  segspeo  ...  segspec 

where  the  first  identifier  must  not  have  been  previously  used  (this  will  be  the  representation),  the 
second  identifier  must  refer  to  a  phoneme,  and  the  segspecs  must  refer  to  tones.  For  example, 
the  Mandarin  low  tone  over  "a”  might  be  represented  as  "5"  :  a  /  3  5  1.  The  second  type  of 
tone  representation  is  that  of  a  floating  tone.  This  type  is  completely  unnecessary  from  a  practical 
standpoint,  since  AMAH  treats  instances  of  the  tone  names  in  the  input  as  floating  tones,  but 
many  orthographies  treat  floating  tones  differently  from  connected.  At  any  rate,  the  user  supplies  a 
representation  for  a  floating  tone  as  follows: 

identifier  :  /  segspec 

where  identifier  is  the  new  representation  and  segspec  refers  to  the  tone. 


3.2.3  Free  Associates 

The  next  possible  part  (if  a  lanjmagf  spccihcat  ion  tile  consist*  of  a  list  of  freely  assm'iat  mg  segment s 
(( ioklsmit li  1990.  page  la)  In  general,  only  freely  associating  segments  may  connect  m  a  given 
language.  Moreover,  freely  associating  segments  in  some  way  have  a  propensity  toward  connecting, 
and  so.  for  example,  whenever  two  segments  connect,  pairs  of  unconnected  Iml  lively  associating 
segments  connect  to  one  another  in  a  pattern  radiating  outward  from  tin-  initial  connection  and 
halting  at  "blocking'  connections  (connections  whose  existence  would  cause  line  crossing  to  occur  il 
a  pair  of  segments  were  to  connect).  Freely  associating  segments  may  be  specified  thus; 

Associates:  assoc,  assoc,  ....  assoc. 

where  assoc  is  a  set  of  two  segment  specifications: 

{ segmentspec ,  segmentspec } 

as  defined  above  in  the  section  on  defaults.  When  two  segments  m  h  the  segmentspecs.  they 
are  free  associates.  As  previously  noted,  when  defining  a  tree  struct  a.'  is  in  CV/Tree  or  X/Tree. 
AMAR  automatically  defines  immediate  superiors  and  inferiors  in  tin  tree  to  be  freely  associating. 
Sometimes  the  user  does  not  wish  this  to  occur  in  some  particular  case.  Therefore,  one  may  place 
a  list  of  non-associating  segments  before  the  list  of  associating  segments: 

NonAssociates :  assoc,  assoc,  ...,  assoc. 

For  example,  if  the  user  had  defined  a  class  node  "croot'  that  only  associates  with  skeletal  ('  nodes 
and  a  class  node  “vroot “  that  only  associates  with  skeletal  1  nodes,  these  class  nodes  would  be 
initially  defined  to  associate  with  any  skeletal  nodes  (/.<..  .V  nodes),  and  the  user  would  have  to 
provide  the  lists: 

NonAssociates :  { segment {X} , segment { croot } } ,  {segment {X} , segment] vroot } } . 

Associates :  {segment {C} , segment] croot } } ,  ]segment{V) , segment {vroot } } . 

3.2.4  Definitions 

The  user  may  find  that  while  defining  a  rule  long  segment  specifications  quickly  become  unwieldy. 
Thus.  A.MAR  provides  a  definitions  section  (preceded  by  Definitions:),  wherein  one  may  define 
a  short  identifier  to  refer  to  a  segspec  or  segmentspec  Definitions  are  separated  by  commas  ami 
concluded  with  a  period,  and  take  the  following  form: 

Define  identifier  segspec 

or 

Define  identifier  segmentspec 

3.2.5  Rule  Specification 

A  phonological  rule  consists  primarily  of  a  situation  to  match  against  in  the  input  (for  example,  an 
unconnected  vowel  and  tone  at  the  beginning  of  a  word)  and  an  action  to  take  when  this  match 
takes  place  (for  example,  connecting  the  vowel  to  the  tone.)  In  general,  the  system  will  match  and 
apply  the  first  rule  specified  wherever  possible,  then  the  second,  and  so  forth. 

The  rules  section  consists  of  the  keyword  Rules:  followed  by  a  comma-separated,  period- 
terminated  list  of  rules.  A  rule  is  specified  as  follows: 

Rule  identifier: 

[  RtoL  ] 

[  NoWordBounds  ] 

[  NoMorphBounds  ] 

Tiers:  tier,  tier,  ...,  tier. 

Connections:  connection,  connections,  ...,  connection. 

Effects:  effect,  effect .  effect. 

Ill 


Tim  identifier  names  the  rule,  and  must  he  unique.  If  the  keyword  RtoL  is  included,  the  rule  will 
apply  right  to  left.  Furthermore,  including  the  keywords  NoWordBounds  or  NoMorphBounds  indicates 
that  the  rule  will  ignore  word  or  morpheme  boundaries  in  matching  and  application  For  example, 
the  tone  shortening  rule  of  Mandarin  specified  NoWordBounds  and  NoMorphBounds  because  two  low 
tones  do  not  have  to  be  in  the  same  word  or  morpheme  for  the  rule  t < >  apply. 

The  tiers  and  connections  sections  of  a  rule  define  the  situation  against  which  the  rule  matches. 
A  tier  is  specified  as  follows: 

identifier  :  segspec  segspec  ...  segspec 

where  identifier  names  t lie  tier  and  the  segspeos  can  be  ident ifiers  naming  segments  or  definit  ions, 
matrices,  features  (identifiers  optionally  preceded  by  or  " numbers  referring  to  tones, 

segspees  in  parentheses',  or  sets  of  segspeos  (specified  by  {  segspec,  segspec ,  ....  segspec}.) 
Note  that  one  may  use  as  segspees  the  predefined  identifiers  listed  in  table  3.1.  For  example,  one 
could  use  “P“  to  match  any  phoneme,  class  node,  feature  or  feature  matrix,  or  "I  to  match  any 
tone.  Thus,  the  skeletal  tier  containing  a  vowel,  zero  or  more  consonants,  and  the  word  boundary 
would  be  represented: 

skeletal:  V  CO  "]w" 

In  the  connections  section,  the  user  specifies  which  of  the  segments  must  be  connected  to  which 
other  segments.  A  connection  consists  of  two  segrefs  separated  by  the  symbol  — .  where  a  segrof 
is  one  of  the  symbols  used  to  specify  a  segment  in  the  tiers  above.  If  there  is  more  than  one  such 
symbol  in  the  tiers,  the  symbol  must  be  followed  by  a  number  in  square  brackets  indicating  which 
one  it  is  (starting  from  the  top  left  of  the  chart  and  counting  down  to  the  bottom  right),  or  a  number 
indicating  which  one  it  is  on  a  given  tier,  followed  by  the  name  of  that  tier,  all  in  square  brackets. 

The  effects  section  describes  what  changes  are  to  be  made  in  the  input  when  the  rule  has  been 
matched.  The  various  different  effects  are  explained  in  table  3.2  and  illustrated  in  figure  3-3. 

3.2.6  Specifying  Inputs 

AMAR  attempts  to  follow  a  model  of  input  and  output  in  which  a  phrase  fits  onto  one  text  line  and 
appears  as  similar  as  possible  to  standard  text.  Thus,  phrase  boundaries  are  marked  by  periods  or 
new  lines,  word  boundaries  can  be  marked  by  spaces,  etc.  Most  characters  that  ran  appear  in  the 
input  or  output  are  defined  by  the  user  in  the  Phonemes.  ToneNames.  and  ToneRepresentations 
sections.  Regardless  of  whether  quotation  marks  are  used  in  the  specification  file,  they  should  not 
be  used  in  the  input.  For  example,  a  phoneme  defined  in  the  specification  file  as  "n"  should  appear 
in  the  input  as  ii.  All  strings  other  than  those  specified  by  the  user  that  would  be  recognized  in 
inputs  and  outputs  are  summarized  in  table  3.3.  Any  unrecognized  string  appearing  in  the  input 
will  be  ignored.  Thus,  one  could,  for  example,  use  tabs  to  break  up  lines  and  make  input  files  more 
readable. 

Input  may  be  entered  from  standard  input  (directly  at  the  keyboard  or  through  a  pipe),  or  it 
may  be  read  in  from  a  file.  For  the  Chinese  example,  the  file  might  be  the  following: 

w5  hSn  kun. 

*/.  I  very  tired 
'/.  ’I  am  very  tired’ 

saved  under  the  name  "Chinese. ipt."  In  this  case,  assuming  that  the  language  specification  file  was 
named  "Chinese."  the  user  would  type 

amar  Chinese  Chinese. ipt 


b  n  represents  a.  which  matches  either  plus  or  minus. 

The  parentheses  indicate  that  any  segment  in  the  input  which  is  to  match  the  segspec  must  have  no  more 
connections  to  segments  on  tiers  listed  in  the  rule  t han  the  segspec  has  in  t  he  rule  (in  any  case,  segments  must  have  at 
least  as  many  connections  as  specified  in  the  rule,  so  segspees  in  parentheses  mean  that  the  matching  segment  must 
have  exactly  the  same  connections  as  in  the  rule) 


V 


Rule  Ini t ial lyConnectTones : 

Tiers:  V  C 

skeletal:  (V)  CO  “]w", 
tonal :  (T)  " ]w” . 

Effects :  I  word 

V  :  :  T. 

Connect  an  unconnected  vowel  separated  from  the  word 
boundary  only  by  zero  or  more  consonants  to  the  closest 
unconnected  tone  to  the  word  boundary. 

Rule  "Mutate  Double  High" 

Tiers : 

skeletal:  V, 

tonal:  H  H. 

Connections : 

V  --  H [ 1 ] , 

V  --  H ( 2 ]  . 

Effects : 

H [ 2 ]  ->  L. 

Replace  (or  mutate)  the  second  of  two  high  tones 
connected  to  a  vowel  with  a  low  tone. 

Rule  "Insert  High": 

Tiers : 

skeletal :  "w [ *  (V) , 
tonal :  "w [ • . 

Effects : 

V  :  :->  H  /  "w["  [2] 

Insert  and  connect  a  high  tone  to  an  unconnected 
vowel  immediately  at  the  beginning  of  a  word. 


V 

word  H 


Define  A  segment{V  skeletal:  segment{a  phonemic}} 


Rule  "Shorten  High": 

Tiers : 

skeletal:  V, 

tonal:  H  H. 

Connections : 

V  -  -  H  [  1  ]  , 

V  —  H  [2  j 
Effects : 

V  -Z-  H [ 1 J . 

Disconnect  the  first  of  two  high  tones 
connected  to  a  vowel. 


H 


Rule  "Spread  Left": 

Tiers : 

skeletal:  (V)  CO  V,  y 
tonal:  T. 

Connections : 

V [ 2 ]  --  T. 

Effects : 

<<  T  skeletal . 

In  the  environment  of  an  unconnected 
vowel,  followed  by  zero  or  more 
consonants  and  a  vowel  connected  to  a 
tones,  spread  that  connection  left  along  the 
skeletal  tier. 

Rule  "Spread  Right": 

Tiers : 

skeletal :  V  CO  ( V) , 
tonal:  T. 

Connections : 

V[l]  --  T. 

Effects : 

T  >>  skeletal. 


V  C0  V 

¥ 

T 


Rule  "Epenthesis" : 

Tiers:  C  C 

skeletal:  C  C. 

Effects : 

0  ->  A  /  C[l]  _  C£2] .  a~* 

Insert  a  vowel  and  an  "a"  between  two  consonants,  and 
connect  them. 


Rule  "High  Tone  Metathesis": 
Tiers : 

tonal :  " ] m"  H  "m [ “ . 

Effects : 

H  ->  "m[ "  _. 


H 

morph  morph 


i 


When  a  high  tone  is  directly  between  two  morpheme 
boundaries,  move  the  tone  into  the  right-hand  morpheme. 


In  the  environment  of  a  tone  connected  to  a 
vowel  that  is  followed  by  zero  or  more 
consonants,  then  an  unconnected  vowel, 
spread  the  tonal  connection  right  along  the 
skeletal  tier. 

Rule  "High  Tone  Metathesis  (2)’ 

Tiers : 

tonal:  "]m"  H. 

Effects: 

H  ->  _  "m [ * .  i 

morph 

When  a  high  tone  is  directly  to  the 
right  of  a  morpheme  end,  move  the 
tone  into  the  left-hand  morpheme. 


Figure  3-3:  Rule  Types  Allowed  by  AMAR.  with  Conventional  Equivalents 


Descript  ion 

segref  :  :  segref 

(  OHIIed  *U u  segments 

segref  -Z-  segref 

Disconnect  two  segments 

segref  >>  identifier 

Apply  spreading  right  from 
segment  along  the  tier 
specified  by  the  ideal  diet 

<<  segref  ideutlficr 

Apply  spreading  left  from 
segment  along  t  lie  t  un¬ 
specified  by  the  identifier 

segref  ->  segref  _  segref 

Metathesis:  insert  segref 
between  the  two  segments 

segref  ->  segref  _ 

Metathesis:  insert  after 
t  he  segment  indicated 

segref  ->  _  segref 

Metathesis:  insert  before 
the  segment  indicated 

segref  ->  segref 

replace  t  lie  first  segref 
with  the  second 

segref  ->  0 

delete  the  segref 

segref  :  :  ->  segspec  /  _  segref 

insert  segspec  before  the 
second  segref  and  join  it  to 
the  first 

segref  :  :  ->  segspec  /  segref  _ 

insert  segspec  after  the 
second  segref  and  join  it 
to  the  first 

segref  :  :  ->  segspec  /  segref  -  segref 

insert  segspec  between  the 
second  and  third  segrefs  and 
join  it  to  the  first 

0  ->  segspec  /  .  segref 

0  ->  segspec  /  segref  _ 

0  ->  segspec  /  segref  .  segref 

insert  segspec  before  segref 
insert  segspec  after  segref 
insert  segspec  between 
the  segrefs 

Table  3.2:  Isable  Effects  under  AMAR 


( jiaracter 

Purpose 

m[ 

Beginning  of  morpheme 

]m 

End  of  morpheme 

+ 

Morpheme  boundary  (same  as  ]mm[) 

Beginning  of  word 

]w 

End  of  word 

<space> 

Word  boundary  (same  as  ]ww[) 

Word  boundary  (same  as  ]ww[) 

*/. 

Comment  (ignores  rest  of  line) 

End  of  phrase 

<nevvline> 

End  of  phrase 

Table  3.3:  Spec ial  Input /Output  Oliaracters 


to  tlio  result  amar  -d  will  display  internal  |  >li<  >i  o- 1 1 1<  ami  tone  i  «-j  if.  -11 1  at  imi>  as  ml.  applicat  ions 
progress.  Any  error  messages  | »r. >. I ue« I  normally  or  out  |nit  produced  as  a  result  of  -.1''  will  I..- sent 
to  standard  error  out  put .  Normal  out  put  ( /  ...  t  lie  results  of  rule  application  )  will  In  -  sent  to  st  and  aid 
Ol.tput.  where  it  can  he  sell!  to  a  lilt-,  tile  screen  or  wherever  the  User  wishes  lo  send  tile  output 
to  a  file,  the  user  would  type  (for  the  Chinese  example,  assuming  out  pul  filename  "Chinese. opt  ) 

amar  Chinese  Chinese. ipt  >  Chinese. opt 

By  saving  the  output  in  a  file,  tin-  user  could  compare  actual  outputs  to  expected  outputs  by  usin- 
a  utility  such  as  it  if) .  For  example,  if  the  expected  outputs  for  ( 'Innese  were  stored  in  "chinese. epi . 
the  user  could  compare  hv  means  of  the  command: 

diff  Chinese. opt  Chinese. ept 

If  there  is  no  output  Loin  this  command,  the  expected  outputs  were  the  same  as  the  actual  outputs. 

3.3  Program  Design 

Hie  Automated  Model  of  Autosegment  al  Rules  was  written  in  ( ,++  .  an  object -oriented  programming 
language,  as  described  in  Bjarne  Stroustrup's  tin  Cf+  Programming  Language  Sfcond  Edition 
(Stroustrup  191)1).  This  language  was  chosen  for  its  relative  speed  and  portability.  The  program 
can  he  divided  into  four  major  modules:  the  language  specification  parser,  the  input/output  system, 
the  matching  module,  and  the  application  module.  Central  to  all  of  these  are  the  objects  themselves. 

3.3.1  Objects 

The  primary  objects  of  the  system  are  Huh*.  Tins.  Charts.  SIrTabtis  and  Signnnts.  A  Rule 
consists  primarily  of  a  name  and  two  sets  of  tiers.  The  first  set.  called  "original"  is  used  to  match 
against  the  ( 'hart  built  as  a  result  of  reading  the  input .  When  the  "original''  tiers  have  been  matched, 
the  application  module  modifies  the  matching  section  of  the  Chart  such  that  it  matches  tin-  other 
set  of  tiers  held  in  the  rule,  the  "replacement"  tiers.  In  addition  to  the  name  and  the  tiers,  a  rule 
also  holds  boolean  variables  specifying  whether  it  is  a  sandhi  rule  and  whether  it  ignores  word  or 
morpheme  boundaries.  A  Tier  is  primarily  a  holder  for  segments,  and  as  such  consists  of  a  name,  a 
list  of  segments,  and  a  current  position  within  that  list.  The  Chart  and  StrTable  ("String  Table") 
together  hold  almost  all  of  the  data  used  by  AMAR.  The  chart  holds  the  tiers  into  which  the  input 
is  placed  after  it  has  been  converted  into  autosegmental  form,  the  name  of  the  language,  the  rules 
in  the  order  they  are  to  be  applied,  a  map  defining  which  segments  freely  associate,  and  language- 
specific  parameters  such  as  the  maximum  number  of  tones  per  vowel,  whether  sandhi  rules  exist,  the 
number  of  tones,  the  tree  structure,  and  whether  tones  should  be  initially  connected.  The  other  half 
of  AMAR  s  data  is  held  in  an  StrTable.  This  structure  maps  strings  to  tiers,  segments,  etc.,  and 
contains  definitions  for  anything  to  which  the  user  refers  by  means  of  an  identifier  in  the  language 
specification  file. 

If  the  chart  and  string  table  are  the  main  containers  of  data  in  AMAR.  the  Srgimnt  is  the  main 
form  of  that  data.  A  Sti/nit  nt  could  actually  be  any  of  a  number  of  object-oriented  classes,  all 
of  which  inherit,  directly  or  indirectly,  from  the  parent  class  Segment,  as  shown  in  figure  3-4.  As 
a  consequence  of  this  inheritance  scheme,  if  a  rule  refers  to  some  segment  type  from  which  other 
segment  types  inherit,  the  reference  will  match  anything  of  that  type  or  of  any  of  the  inheriting 
types.  All  segments  contain  a  unique  identification  number,  a  pointer  to  the  tier  they  are  on.  and 
some  indication  of  type.  In  addition,  connectable  segments  (all  those  which  inherit  from  Connecta- 
bleSegment)  contain  pointers  to  all  s#/«nor  and  ni/ir nor  segments,  indications  of  whether  matching 
is  exact  or  not.  and  information  relating  to  spreading  (whether  the  segment  spreads  right  or  left, 
and  along  which  connection).  When  segments  are  connected  to  one  another,  one  segment  is  always 
inferior  ami  one  superior.  This  relationship  is  determined  by  the  user's  definition  of  tree  struct  tin 
for  the  Tree  specification  methods,  and  in  the  other  methods  skeletal  segments  are  superior  to  tones 
and  phonemes.  As  will  become  apparent,  most  routines  operating  on  a  given  segment  can  only  affect 
the  segment  itself  and  any  segments  connected  inferior  to  it. 


Segment 


WordBegin 

“w[  ■ 


WondEnd 

■  )w" 


C_0 

CO 


MorphemeEnd 

■  j  m* 


MorphemeBegin 
"m[  * 


v_o 

vo 

x_o 

xo 


ConnectableSegment 


GenericTone 
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X 

x 


SegmentSet 


Tone 


GenericPhoneme 

p 


Consonant  Vowel 

c  v 


Phonemic 


FeatureMatrix 


Feature  ClassNode 


figure  3-4:  Inheritance  Structure  of  Segments  within  AMAR.  with  Corresponding  Predefined  lden- 
t  ifiers 


3.3.2  Language  Specification  Parser 

1  lie  language  specification  parser  acts  mainly  to  build  the  objects  needed  by  the  other  modules 
and  to  provide  information  about  how  other  modules  should  behave.  The  parser  consists  of  a  (' 
program  generated  automatically  from  a  grammar  file  written  in  yacc  and  a  ( ,++  module  containing 
procedures  to  be  called  upon  receiving  various  instructions  in  the  language  specification  file.  Ihis 
program  receives  input  from  a  lexical  analyzer,  another  ('  program  generated  automatically  from  a 
specification  written  in  hr.  The  lexical  analyzer  takes  the  input  from  the  language  specification  file 
and  breaks  it  up  into  tokens.  If  the  token  happens  to  be  an  identifier  (token  "ID"),  the  procedure 
installed  builds  a  string  table  entry  which  contains  the  original  string  entered  by  the  user.  Siring 
table  entries  may  additionally  contain  pointers  to  tiers,  segments,  full  specifications,  and  "matches." 
which  will  be  explained  later.  These  entries  may  be  used  for  four  different  processes:  they  may  define 
a  "phoneme"  (here  used  to  refer  to  anything  that  can  appear  in  the  input  or  output  other  than  a 
boundary  or  comment);  they  might  define  a  tier,  a  class  node,  or  a  feature:  they  could  be  used  for 
a  "match"  referencing  some  segment8:  or  they  could  simply  be  used  to  give  a  name  to  something. 

For  a  "phoneme."  the  entry  will  contain  the  corresponding  segment,  and  perhaps  a  full  specifica¬ 
tion  (as  generated  in  the  "FullSpecs"  section,  and  used  for  matching  after  rules  have  applied.)  The 
form  of  a  phoneme's  segment  varies  greatly  depending  on  the  specification  method  and  the  type  of 
phoneme.  There  are  three  phoneme  types:  phonemic  segments  (defined  in  the  "Phonemes"  section), 
floating  tones  (defined  automatically  based  on  the  number  of  tones  and  optionally  by  the  "Tone- 
Names"  and  "ToneRepresentations”  sections),  and  phonemic  segments  attached  to  tones  (defined  in 
the  "ToneRepresentations"  section.)  A  phonemic  segment  will  be  an  object  of  type  "Phonemic"  (a 
connectable  segment  which  also  contains  a  string  representation)  in  CV  mode,  a  "FeatureMatrix"  (a 
connectable  segment  which  also  contains  a  list  of  features)  in  the  Matrix  modes,  or  a  "ClassNode” 
(a  connectable  segment  which  also  contains  a  name)  heading  a  tree  of  class  nodes  and  features  in 
the  Tree  modes.  This  segment,  in  whatever  mode,  will  have  a  "V."  or  "X"  as  a  superior.  A 
floating  tone  segment  will  simply  be  an  unconnected  "Tone"  object,  a  connectable  segment  which 
also  contains  an  integer  level.  Finally,  a  phonemic  segment  attached  to  tones  will  be  a  “V."  ”X." 
or  depending  on  the  original  phonemic  segment.  Whichever  skeletal  segment  it  is.  it  will  have 
the  tones  as  inferiors,  along  with  a  copy  of  the  original  phonemic  segment. 

When  defining  a  tier,  class  node,  or  feature,  string  table  entries  will  contain  both  a  tier  and  a 
segment,  because  in  autosegmental  phonology  tiers  may  only  contain  specific  types  of  segments;  any 
segment  to  be  stored  in  the  tier  must  match  the  segment  stored  along  with  that  tier.  Thus,  the 
skeletal  tier  contains  an  "X."  the  tonal  tier  contains  a  "T."  and  the  phonemic  tier4  contains  a  "P." 
Class  nodes  and  features  may  only  appear  on  their  own  tier  in  the  Tree  modes,  so  when  they  are 
defined  (in  the  “Tree"  section),  a  tier  with  the  same  name  is  defined  and  placed  in  the  string  table 
entry  along  with  the  segment.  In  contexts  where  a  tier  is  expected,  the  entry  will  be  treated  as  a 
tier,  and  in  contexts  where  a  segment  is  expected,  the  entry  will  be  treated  as  such. 

When  the  user  defines  a  rule,  the  parser  creates  the  "original"  and  "replacement"  tiers,  which 
are  initially  identical  (although  the  segments  in  the  replacement  tiers  are  copies  of  the  segments  in 
the  original  tiers  and  not  the  actual  segments  themselves).  In  addition,  it  creates  a  map  containing 
"matches.”  Each  "match"  contains  a  copy  of  some  segment  from  the  rule  tiers,  along  with  the 
position  of  that  segment  within  the  original  and  replacement  tiers.  In  the  "Effects"  section,  the 
parser  will  take  the  user’s  segrefs  and  find  the  "match"  segment  corresponding  to  the  reference. 
In  the  parser,  almost  all  global  data  must  be  transferred  in  string  table  entries,  so  this  "match”  is 
stored  in  such  an  entry.  The  parser  then  uses  the  "matches,"  the  map.  and  the  rule  to  modify  the 
"replacement”  tier  (and  the  map.  so  that  later  effects  do  not  get  confused)  in  accordance  with  the 
desired  effect. 

The  filial,  and  simplest .  process  in  which  the  string  table  is  involved  is  simply  that  of  giving  names 
to  objects.  Thus,  charts,  rules,  class  nodes,  phonemes,  features,  tones,  and  tone  representations  have 
names  corresponding  to  some  string  table  entry.  In  order  to  save  memory  and  limit  expensive  string 


sThis  corresponds  to  a  segref  in  the  specification  file 
'These  three  tiers  are  predefined  before  parsing  begins. 
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copying  operations,  tin-  only  strings  stored  within  AMAH  are  those  found  in  the  string  table,  and 
all  other  objects  simply  contain  references  to  them. 

The  only  operation  in  which  the  parser  is  involved,  other  than  building  objects  and  storing  them 
in  the  string  table,  is  building  objects  and  storing  them  in  the  chart  Thus,  the  parser  generates  the 
tiers  held  by  the  chart  (except  for  the  three  tiers  already  stall'd  to  have  been  predefined),  the  rules 
to  be  applied  to  the  chart  (also  stored  in  it),  the  map  of  free  associates  (Free  associates  are  defined 
"manually"  in  the  "Associates"  section  and  automatically  when  class  nodes  are  defined  in  the  "Tree" 
section  class  nodes  automatically  freely  associate  with  their  direct  superiors  and  inferiors),  and  all 
of  the  parameters:  the  maximum  number  of  tones  per  vowel  and  vowels  per  tone,  the  number  of 
tones,  whether  tones  connect,  and  whether  sandhi  rules  and  sandhi  rules  that  apply  from  light  to 
left  exist. 


3.3.3  Input  and  Output 

The  input/output  system  of  AMAR  relies  primarily  on  the  string  table  and  the  matching  system, 
although  it  provides  a  surprising  amount  of  complexity  on  its  own.  The  overall  input/output  system 
begins  by  going  through  the  string  table  and  finding  the  maximum  length  of  a  phoneme,  where  a 
phoneme  is  specially  defined  to  mean  a  string  that  may  legitimately  appear  in  the  input.  It  then 
attempts  to  read  in  one  word  at  a  time  from  the  input.  If  there  are  sandhi  rules.  AMAH  reads  in  a 
phrase,  then  applies  the  rules  in  order  and  outputs  the  pltra.se,  deleting  it  from  the  chart.  Otherwise, 
the  system  reads  in  one  word  at  a  time,  applies  rule  to  it.  then  prints  and  deletes  it.  thus  saving 
memory  and  minimizing  delay  between  outputs. 

The  Input  System 

The  input  system  can  be  divided  into  a  section  that  reads  one  word  at  a  time  and  one  that  reads 
a  segment  at  a  time.  The  former  simply  places  a  word  begin  at  the  beginning  of  each  tier  in  the 
chart,  then  calls  the  other  section  to  return  one  segment  at  a  time  until  a  word  end  is  returned, 
at  which  time  a  word  end  is  placed  at  the  end  of  each  tier.  Each  tier's  current  position  is  set  to 
the  beginning  of  the  word  read  in.  and  the  section  returns  control  to  the  main  loop  that  called  it. 
As  eacli  segment  is  read  in.  the  "read-word"  procedure  checks  to  see  whether  it  is  a  boundary,  a 
floating  tone,  a  phoneme  connected  to  a  tone,  or  a  simple  phoneme.  Boundaries  are  copied  and 
added  to  every  tier  of  the  chart.  Floating  tones  are  added  to  the  tonal  tier.  Phonemes,  connected 
or  unconnected  to  tones  are  sent  to  the  procedure  "add-skeletaLsegment,"  which  searches  through 
all  the  connections  and  adds  each  segment  to  the  appropriate  tier  (when  a  segment  is  defined  in  the 
parser,  it  is  associated  with  its  tier.) 

The  section  that  reads  in  one  segment  at  a  time10  takes  one  character  at  a  time  from  the 
input.  These  characters  are  built  up  into  a  string  whose  maximum  length  equals  the  maximum 
length  of  a  phoneme.  If  the  first  character  read  by  the  function  represents  a  boundary  or  comment 
(<space>,  <return>,  "+".  or  the  program  will  go  through  the  input  and  eliminate 

redundant  boundaries  and  comment  lines,  and  finally  ret  urn  a  morpheme  begin  or  end  (for  morpheme 
boundaries)  or  a  word  end  (for  other  boundaries),  and  set  the  Hag  "eophrase"  ("end  of  phrase"),  if 
appropriate.  Otherwise,  "read-segment"  will  attempt  to  find  the  longest  string  matching  a  phoneme 
in  the  string  table.  This  is  accomplished  by  looking  up  the  string  as  it  is  built — if  the  table  contains  a 
phoneme  corresponding  to  the  string,  this  phoneme  is  stored  as  the  tentative  segment  to  be  returned 
and  the  length  of  the  string  at  that  point  is  stored  as  well.  When  this  string  matches  the  maximum 
length,  the  program  checks  to  see  if  a  segment  was  found.  If  not.  the  first  character  of  the  string  is 
discarded  (in  this  way.  “read-segment "  ignores  unrecognized  characters)  and  the  rest  are  put  back 
to  be  read  later.  The  procedure  will  then  return  a  flag  denoting  that  no  segment  was  found.  If  a 
segment  was  found,  any  characters  which  were  read  after  the  match  are  put  back  into  the  input11. 


10accessed  via  the  function  "read-segment" 

11  Actually,  for  safety  the  program  maintains  a  stack  of  characters,  into  which  characters  to  he  reprocessed  are 
placed.  When  "read-segment "  wishes  to  read  a  character,  it  first  checks  to  see  if  there  are  any  in  the  stack,  and.  if 
so.  pops  off  the  top  character. 
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Finally,  the  segment  is  returned 


The  Output  System 

AMAR  produces  two  types  of  output:  "process"  output  used  to  show  what  is  going  on  or  report 
errors,  ami  the  actual  output  produced  when  rules  are  applied  to  the  input.  "Process'  output  is 
sent  to  standard  error,  and  actual  output  to  standard  output. 

Krror  reporting  is  fairly  straightforward;  when  an  error  occurs,  a  message  is  output,  and  pro¬ 
cessing  halts.  The  other  type  of  "process"  output  only  appears  when  AMAR  is  run  with  the  ”-d" 
("debug"  or  “demo")  option.  This  option  displays  the  contents  of  the  chart  before  rules  have  ap¬ 
plied.  states  which  rules  are  applying  and  whether  any  change  was  made.  and.  if  a  change  was 
made,  displays  the  chart  contents  after  rule  applications.  The  ”-d"  output  is  produced  by  "print ()" 
members  of  the  ( ‘lassNode,  Feature,  FeatureMatrix.  lone,  and  Phonemic  classes,  which  simply  print 
the  information  stored  in  the  class  object  other  than  that  stored  in  any  connectable  segment  (thus, 
names,  values  (plus,  minus,  alpha,  or  undefined),  features,  levels,  and  representations,  respectively), 
along  with  a  unique  identifier  for  C'lassNodes  and  Features  so  that  effects  such  as  shared  nodes 
become  evident. 

To  produce  actual  output,  AMAR  goes  through  the  skeletal  tier  of  the  chart,  one  segment  at 
a  time,  ami  calls  the  "print ( )“  member  for  each  segment  encountered.  Since  the  skeletal  tier  only 
contains  boundaries  and  X's1-.  there  are  only  five  such  members,  corresponding  to  morpheme  begins, 
morpheme  ends,  word  begins,  w-ord  ends,  and  X's.  When  a  morpheme  begin  immediately  follows  a 
morpheme  end.  the  program  prints  a  "+" .  Similarly,  when  a  word  begin  immediately  follows  a  word 
end.  the  program  prints  a  space.  Otherwise,  the  boundary  print  functions  do  not  output  anything. 

The  print  member  for  X's  must  match  the  segment  against  the  full  specifications  stored  in  the 
st  ring  table,  if  any.  or  the  segment  specificat  ions  found  there.  To  do  this,  the  X  is  marked  for  exact 
matching,  and  is  then  matched  against  every  phoneme  in  the  string  table,  using  the  matching  system 
to  be  described  later.  If  there  is  no  match,  nothing  is  printed.  If  there  is  only  one  match.  AMAR 
prints  the  string  stored  in  the  table  entry  containing  the  matching  phoneme.  Otherwise.  AMAR  will 
print  all  of  the  matching  strings  in  parent  heses  and  separated  by  slashes. 

3.3.4  Matching 

Before  a  rule  may  be  applied,  it  must  be  matched.  That  is.  the  program  must  search  through  the 
chart  and  find  a  position  corresponding  to  the  situation  described  in  the  rule.  In  fact,  the  program 
must  find  such  a  position  for  each  tier  mentioned  in  the  rule,  and  all  of  these  positions  must  be 
consistent  .  That  is,  if  the  rule  mentions  that  some  segment  in  one  tier  is  connected  to  some  other 
segment  in  another  tier,  the  matching  chart  segments  for  the  two  tiers  must  connect  to  one  another. 

In  order  to  achieve  this  goal,  the  matching  section,  moving  from  the  most  superior  tier  of  the 
rule13  to  the  least  superior  tier,  attempts  to  find  a  match  position  for  each  tier.  To  ensure  consistency 
and  efficiency,  for  a  given  tier  the  program  only  begins  matching  with  the  first  rule  segment  that  does 
not  connect  to  previously  matched  tiers.  When  all  match  positions  have  been  found,  the  program 
adjusts  them  so  that  each  match  position  actually  refers  to  the  first  item  on  that  tier  that  was 
mentioned  in  the  rule,  by  checking  for  each  tier  to  see  whether  a  matched  item  on  a  previous  tier 
connects  to  some  segment  previous  to  the  current  match  position  for  the  tier. 

The  matching  process  for  a  tier  occurs  as  follows:  the  procedure  keeps  track  of  a  position  within 
the  tier,  starting  from  the  recorded  tier  current  position  (either  one  position  after  the  last  position 
at  which  the  current  rule  was  applied  on  the  tier  or  at  the  beginning  of  the  word.)  and  starts  off  by 
finding  the  first  rule  segment  both  in  the  proper  tier  and  unconnected  to  a  previously  matched  tier. 
This  segment  is  matched  against  the  segment  at  the  current  tier  position,  moving  the  tier  position 
forward  until  either  the  segment  matches  or  there  are  no  more  segments  in  the  tier,  in  which  case 
the  rule  does  not  match.  If  the  segment  did  match,  the  position  is  saved  as  a  tentative  match 


’’and  C’s  and  V's.  which  are  here  treated  the  same  as  X's 

1  Tn  matching,  only  the  "original”  tiers  of  a  rule  make  a  difference.  Therefore,  any  reference  to  a  rule  tier  in  a 
discussion  of  matching  refers  to  one  of  the  “original"  tiers  of  that  rule. 
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position,  and  the  procedure  attempts  to  match  the  rest  of  the  rule.  If  the  rest  matches,  the  saved 
position  is  returned.  Otherwise,  t lie  matching  process  begins  again  from  the  next  position  after  tin- 
saved  position,  until  the  tier  either  matches  or  conclusively  does  not  match  (by  not  having  enough 
segments  after  the  current  position  to  match.) 

Matching  occurs  rat  her  differently  for  connectable  and  non-connect  able  segments.  Any  given  noil- 
connectable  segment  may  either  be  a  boundary  or  a  "zero.'’  which  is  merely  a  notation  matching  zero 
or  more  connectable  skeletal  segments.  Boundary  matching  is  fairly  simple:  any  boundary  matches 
another  of  the  same  type.  A  zero  always  successfully  matches:  its  function  is  to  move  the  current 
tier  position  forward  to  the  first  position  in  which  there  is  not  a  segment  of  the  type  of  the  zero  For 
example,  after  matching  against  a  (TO.  the  current  tier  position  will  be  on  the  next  segment  which 
is  not  a  ( '. 

For  matching  two  individual  connectable  segments,  there  are  three  levels  of  matching:  <  q .  tqual. 
and  t qv.  That  is.  one  ascertains  whether  two  segments  match  by  calling  the  function  eq.  This 
function  checks  whether  the  two  segments  are  tqual.  then  checks  for  each  of  the  rule  segment's1'1 
inferiors  whether  it  is  tqual  to  some  other  of  the  chart  segment's  inferiors,  eq  also  makes  sure  that 
the  rule  segment's  inferiors  are,  within  their  tiers,  in  the  same  order  as  the  chart  segment's. 

The  equal  procedure  checks  first  to  see  if  the  rule  segment  is  tqv  to  the  chart  segment.  If  this 
is  so.  the  tiers  must  have  the  same  name.  Finally,  if  the  tiers  have  the  same  name,  the  segments 
must  match  exactly  or  roughly,  depending  on  whether  the  rule  segment  has  been  marked  exact  (by 
surrounding  it  in  parentheses.)10  To  match  exactly,  the  chart  segment  may  have  fewer  or  more 
connections  than  the  rule  segment,  but  within  the  tiers  accessible  from  the  rule  segment  (the  tiers 
to  which  the  rule  segment  is  connected),  the  chart  must  have  the  same  number  of  connections.  To 
match  roughly,  the  chart  segment  must  have  the  same  number  of  inferiors  as.  or  more  inferiors  than, 
the  rule  segment,  within  the  tiers  accessible  from  the  rule  segment. 

For  a  rule  segment  to  be  tqv  to  a  chart  segment,  the  chart  segment  must  generally  be  of  the  same 
type  as  the  rule  segment,  or  of  a  type  which  inherits  from  the  rule  segment  type  (see  figure  d-d.) 
However,  a  feature  matrix  may  be  tqv  to  a  feature,  a  feature  matrix,  or  a  class  node.  In  addition,  a 
segment  set  may  be  tqv  to  a  segment  or  a  segment  set.  For  a  feature  matrix  to  be  tqv  to  a  feature, 
every  feature  in  the  matrix  must  either  be  tqv  to  the  feature  or  tqv  to  some  feature  connected  to 
the  feature.  To  be  tqv  to  another  feature  matrix,  a  feature  matrix  must  be  such  that  every  feature 
in  it  is  tqv  to  a  feature  in  the  other  matrix.  Finally,  to  be  tqv  to  a  class  node,  every  feature  in 
the  matrix  must  be  tqv  to  an  inferior  of  the  node.  For  a  segment  set  to  be  tqv  to  a  segment,  some 
element  of  the  set  must  be  tqv  to  the  segment  .  For  the  set  to  be  tqv  to  another  set  ,  every  segment 
in  the  set  must  be  tqv  to  some  segment  in  the  other  set.  For  a  tone  to  be  tqv  to  another  tone,  the 
tones'  levels  must  be  the  same.  For  phonemes  (of  the  CY  mode  type),  the  representations  must  be 
the  same.  For  class  nodes,  the  names  must  be  the  same.  Finally,  for  features  the  names  must  be  the 
same,  and  the  rule  feature’s  value  must  be  "o"  (specified  by  "4",  since  there  is  no  n  key  on  most 
keyboards)  or  the  values  must  be  equal  (both  pluses,  minuses,  or  unspecified.) 

3.3.5  Application 

After  consistent  matching  positions  have  been  established  for  every  tier,  the  application  section 
begins  by  making  a  correspondence  map  between  the  rule  and  the  chart.  This  map  takes  essentially 
the  same  form  as  the  map  used  in  the  parsing  section,  containing  "matches"  consisting  of  a  copy  of 
each  segment  in  the  "original''  tiers  paired  with  the  chart  location  of  the  matching  segment ir>.  The 
section  next  loops  through  the  rule  tiers,  in  the  tier  looping  through  the  "replacement"  tier  and  the 
map  corresponding  to  it  .  If  the  current  rule  element  is  the  same  as  the  current  map  element  (if  they 
have  the  same  identification  number),  it  will  check  whether  the  segments  have  the  same  number 


HThe  equality  operations  under  AMAH  are  not  reflexive,  so  for  any  operation  of  the  type  .4  =  B.  the  segment  .4 
will  be  referred  to  as  the  rule  segment,  and  B  as  the  chart  segment,  since  that  is  the  usual  order  in  which  the  equality 
operations  are  called. 

1  'Note  that  by  the  Conjunct ivitv  Condition  (Goldsmith  1990.  page  39).  segments  to  be  deleted  or  replaced  should 
be  marked  exact.  Segments  that  are  explicitly  supposed  to  be  unconnected  should  also  be  marked  exact. 

H,For  more  insight  into  the  construction  of  this  map.  see  the  function  Rule  :  :  application  in  appendix  C. 
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of  connections,  ami  if  they  do  not  or  the  connection  spreads,  connections  will  he  adjusted.  If  the 
segments  are  not  the  same,  segments  will  he  adjusted. 


Connection  Adjustment 

The  connection  adjustment  subsection  breaks  any  connections  that  exist  in  the  map.  hut  not  in  the 
replacement  chart,  and  adds  those  that  are  in  the  replacement  chart  hut  not  the  map.  Connection 
adjustment  occurs  in  t lie  map,  which  is  fairly  simple,  anil  in  the  chart,  which,  as  will  he  seen,  is  not 
quite  so  simple. 

The  map  and  the  rule  charts  do  not  always  reflect  the  actual  chart  very  exactly  If  a  rule  shows 
two  segments  connected,  they  need  not  he  dinclly  connected  in  the  chart.  Thus,  when  breaking 
a  connection  in  the  chart,  the  procedure  (break-connection)  responsible  for  disassociation  first 
checks  to  see  if  the  segments  are  directly  connected.  If  so.  they  are  disconnected.  Otherwise,  it  will 
check  to  see  which  of  the  superiors  of  the  inferior  of  the  two  segments  is  connected  to  the  superior 
of  the  two.  and  will  then  disconnect  the  inferior  segment  from  the  connecting  superior. 

To  add  a  connection,  the  procedure  (add-connection)  begins  with  two  segments  to  he  connected: 
a  superior  and  an  inferior.  Next,  the  actual  two  segments  to  connect  must  be  determined.  The 
general  principle  used  for  this  is  to  disturb  tree  structure  as  little  as  possible.  Therefore,  the 
connection  will  be  made  as  close  as  possible  to  the  inferior  segment,  and  the  procedure  searches  for 
a  new  superior  segment  to  connect  to  the  inferior.  If  the  superior  segment  provided  freely  associates 
with  the  inferior,  the  new  superior  will  be  the  same  as  the  old.  Otherwise,  the  procedure  looks 
at  all  the  segments  dominated  by  the  superior  segment  and  chooses  the  segment  having  the  fewest 
inferiors  (to  be  as  far  as  possible  from  the  top  of  the  tree)  amongst  those  that  freely  associate  with 
the  inferior  segment.  At  this  point,  the  procedure  will  search  through  the  chart  and  see  whether  the 
new  connection  will  cross  any  existing  connections.  If  it  will,  the  crossed  connections  will  be  broken. 
Finally,  the  connection  will  be  made. 

If  a  connection  spreads  (if.  during  rule  construction,  a  segment  was  marked  spreadJLeit  or 
spread_right),  the  segment  marked  to  spread  will  connect  to  every  segment  that  meets  the  following 
criteria:  it  is  on  the  same  tier  as  the  connection  along  which  the  segment  spreads,  it  is  in  the  direction 
of  spreading,  it  freely  associates  with  the  spreading  segment,  it  is  not  separated  from  the  spreading 
segment  by  any  sort  of  boundary  or  crossing  connection,  and  connecting  to  it  will  not  cause  a 
violation  of  the  tones  per  vowel  and  vowels  per  tone  parameters. 


Segment  Adjustment 

If  the  current  map  segment  is  not  the  same  as  the  current  replacement  chart  segment,  then  the  rule 
involved  segment  deletion,  metathesis,  insertion,  or  replacement.  If  the  current  rule  segment  is  found 
in  the  map  somewhere,  and  the  map  segment  is  not  found  in  the  replacement  chart,  then  the  chart 
segment  pointed  to  by  the  current  map  segment  must  be  deleted.  If  the  rule  segment  is  in  the  map 
and  the  map  segment  is  in  the  replacement  chart,  then  the  chart  segment  must  undergo  metathesis. 
If  the  rule  segment  is  not  in  the  map.  and  the  current  map  segment  is  in  the  replacement  chart,  then 
a  new  segment  must  be  inserted  in  the  chart.  Finally,  if  the  rule  segment  is  not  in  the  map.  and  the 
map  segment  is  not  in  the  replacement  chart,  then  the  chart  segment  must  be  replaced. 

To  delete  a  segment  from  the  chart,  it  is  first  detached  from  all  its  connections,  then  simply 
removed  from  the  tier.  The  same  process  then  occurs  to  the  corresponding  map  segment. 

Metathesis  essentially  deletes  the  chart  segment,  then  reinserts  it  at  the  proper  position,  which 
it  finds  by  looking  for  the  chart  segment  corresponding  to  the  map  segment  that  precedes  the  proper 
position.  This  process  is  then  repeated  on  the  map  segment  that  corresponded  to  the  chart  segment 
moved. 

Inserting  a  segment  first  involves  making  two  surface  copies  (/.(..  copies  which  do  not  have 
connections)  of  the  rule  segment  to  be  inserted,  and  then  insert  one  copy  into  the  chart  and  one  int  o 
the  map.  Next,  the  insertion  process  duplicates  the  rule  segment’s  connections  in  the  map  and  chart. 
If  the  rule  segment  is  connected  to  something  that  does  not  appear  in  the  map.  the  connection  is 
not  duplicated,  as  it  will  be  taken  care  of  when  the  other  segment  is  inserted. 
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The  final  process,  replacement,  is  generally  identical  to  insertion  of  the  new  segment  follower!  I>v 
deletion  of  the  old  segment  except  in  the  case  where  the  segment  involved  is  a  feature  matrix  For 
a  feature  matrix,  replacement  is  just  a  feature  change,  so  this  type  of  replacement  is  accomplished 
by  copying  the  new  features  into  the  chart  matrix  and  replacing  the  map  matrix  as  would  happen 
in  a  normal  replacement. 

Association  Convention 

If  any  new  connections  are  made  during  application  of  a  rule,  the  program  will  attempt  to  apply  the 
association  convention  at  every  modified  point  of  connection  (any  connection  made  as  the  result  of 
a  rule)  in  the  chart. 

To  apply  the  association  convention  at  a  given  connection,  the  procedure1,  begins  just  left  of 
the  connection  and  connects  pairs  of  unconnected  (in  terms  of  the  two  tiers  concerned)  but  freely 
associating  segments  until  it  reaches  either  a  boundary  or  a  connection  between  the  two  tiers.  If  a 
boundary  is  reached,  the  procedure  will  keep  attaching  segments  from  the  tier  in  which  a  boundary 
was  not  reached  until  either  there  are  no  more  freely  associating  segments  in  that  tier,  a  boundary  is 
reached  in  that  tier,  a  connection  between  the  tiers  is  reached,  or  further  connections  would  violate 
restrictions  on  numbers  of  tones  per  vowel  or  vice  versa.  After  the  association  convention  has  been 
applied  in  one  direction,  the  procedure  then  attempts  to  apply  it  in  the  other. 

Back  to  Output 

After  the  association  convention  has  been  applied,  the  application  section  returns  and  either  the 
next  rule  is  applied,  or  the  modified  chart  is  printed  and  emptied. 


1 '  Chart :  :  apply-assoc_convention — see  appendix  C 


Chapter  4 

Examples 


To  give  the  reader  a  feel  for  the  workings  of  AMAR.  this  chapter  will  begin  with  a  very  simple  exam¬ 
ple  based  on  an  artificial  tone  language  with  only  three  phonemes  and  proceed  through  increasingly 
complicated  examples  based  on  Bambara.  Spanish,  and  finally  Arabic.  A  listing  of  previously  in¬ 
completely  specified  examples  can  be  found  in  Appendix  B. 

4.1  Simple  Example 

This  section  will  model  the  imaginary  language  'Abe."  In  Abe.  there  are  three  phonemes:  "a."  "b." 
and  "c.“  The  first  of  these  is  a  vowel,  and  the  rest  are  consonants.  Abe  has  two  tone  levels—  low 
(L)  and  high  (H).  It  allows  any  number  of  tones  to  be  connected  to  a  vowel,  but  only  three  vowels 
may  be  connected  to  a  single  tone.  Finally.  Abe  associates  tones  to  vowels  from  right  to  left,  and 
connected  tones  spread  to  connect  to  toneless  vowels  to  their  left. 

Thus,  the  language  would  be  represented: 

Language  Abe: 

Phonemes:  a,  b,  c. 

SpecMethod:  CV. 

Vowels:  a. 

Consonants:  b,  c. 

ToneLevels:  2. 

MaxTonesperVowel :  INFINITE. 

MaxVowelsperTone:  3. 

ToneNames:  L,  fl. 

ToneReps:  "a":  a  /  L,  "a":  a  /  H,  "a":  a  /  H  L,  MSM:  a  /  L  H,  "5":  a 
/  H  H. 

Associates:  {segment{T},  segment{V}},  { segraent{X} ,  segment { P} } . 

Rules : 

Rule  "Initially  Connect  Tones": 

Tiers : 

skeletal:  (V)  CO  "]w", 
tonal:  (T)  "]w". 
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Eff acts : 

V  :  :  T. 

Rule  "Spread  Left": 

Tiers : 

skeletal:  (V)  CO  V, 
tonal:  T. 

Connections : 

V[2]  —  T. 

Effects : 

«  T  skeletal. 

The  parsing  process  would  proceed  as  follows:  The  parser  would  lirst  create  a  ('hurl  object  with  the 
name  "Abe."  Next,  it  would  create  three  objects  of  the  class  "phoneme."  with  the  representations 
"a."  "b."  and  "e."  respectively.  These  would  be  stored  in  the  string  table.  Then,  the  parsing  mode 
would  be  set  to  "CY."  and  the  phonemes  would  be  connected  to  a  or  a  "V"  depending  on 
whether  they  were  listed  as  "Consonants"  or  "Vowels,"  The  system  will  then  note  in  the  chart 
that  there  are  two  tone  levels  and  that  there  is  no  limit  on  the  number  of  tones  per  vowel,  but 
that  one  may  only  associate  up  to  three  vowels  to  a  single  tone.  After  this,  the  system  will  react 
to  the  "ToneNames"  field  by  entering  "L"  and  "H"  into  the  string  table  referring  to  low  and  high 
tone  levels.  As  the  last  part  of  the  tone  definition  section,  the  system  will  then  create  string  table 
entries  corresponding  to  the  vowel  “a"  connected  to  a  low  tone,  a  high  tone,  a  falling  tone,  a  rising 
tone,  and  a  long  high  tone.  In  the  "Associates"  section,  the  parser  enters  the  pairs  "Tone" / "Vowel" 
and  "X"/" Phoneme"  into  an  internal  list  of  freely  associating  segments,  signifying  that  tones  freely 
associate  with  vowels  and  that  phonemes  freely  associate  with  X's.  consonants,  and  vowels.  At  the 
first  rule,  the  parser  will  create  a  RuU  object  with  the  name  "Initially  Connect  Tones."  It  will 
then  create  three  tiers  called  "skeletal":  a  mapping  tier,  an  "original"  tier  (for  matching),  and  a 
"replacement"  tier  for  application.  Into  these  tiers  will  go  a  V  segment  marked  for  e-act  matching,  a 
CO  segment,  and  a  word-end  segment.  Next,  three  tonal  tiers  will  be  created,  into  wlmi,  will  go  a  T 
segment  (which  matches  any  tone)  marked  for  exact  matching  and  a  word-end  segment.  Finally,  in 
the  "replacement"  chart  and  the  map  (but  not  the  chart  used  for  matching),  the  V  will  be  connected 
to  the  T.  At  the  second  rule,  the  parser  will  create  the  same  tiers  as  before,  putting  a  V  marked  for 
exact  matching,  a  CO  segment,  and  a  V  into  the  skeletal  tier  and  a  T  into  the  tonal.  Next,  in  the 
"original"  chart,  the  "replacement"  chart,  and  the  map,  the  second  V  will  be  connected  to  the  T. 
Finally,  the  T  in  the  "replacement"  chart  will  be  annotated  to  indicate  that  it  spreads  left  along  its 
connection  to  the  skeletal  tier. 

If,  after  parsing,  the  system  were  to  receive  the  input  "abcaaaaacL" .  the  input  and  output  section 
would  put  a  word  begin  on  the  phonemic,  skeletal  and  tonal  tiers.  It  would  then  put  the  segments 
"abcaaaaac"  on  the  phonemic  tier,  "VCCVVYYVC"  on  the  skeletal  tier,  and  "L"  on  the  tonal  tier. 
The  segments  on  the  phonemic  tier  would  each  be  connected  to  a  segment  on  the  skeletal  tier,  but 
the  “L”  would  be  a  floating  tone,  unconnected  to  any  other  tier1.  Each  tier  would  then  receive  a 
word-end  segment. 

The  first  rule  would  then  look  throughout  the  chart  for  an  unconnected  V  followed  by  zero  or  more 
consonants  and  the  word  end  on  the  skeletal  tier  and.  on  the  tonal  tier,  an  unconnected  T  followed 
immediately  by  the  word  end.  This  matches  against  the  last  vowel  in  the  word  (surprisingly  enough, 
"a")  and  the  low  tone.  These  two  segments  are  joined,  and  the  association  convention  attempts  to 
apply.  However,  there  are  no  adjoining  pairs  of  unconnected  tones  and  vowels,  so  the  association 
convention  does  not  apply.  The  second  rule  then  matches  against  the  vowel/tone  pair  just  connected 
and  connects  the  low  tone  to  the  second  to  last  vowel  on  the  skeletal  tier.  It  then  continues  to  spread, 
attaching  the  low  tone  to  the  third  to  last  vowel.  However,  any  further  attachments  would  cause 
there  to  be  more  than  three  vowels  attached  to  the  tone,  so  spreading  ceases. 


!This  would  be  the  case  also  if  the  low  tone  were  introduced  as.  t  ii.  in  the  input.  If  the  user  wished  tones  t< 
start  out  connected,  he  or  she  would  put  the  keyword  “Connect Tones"  before  the  “ToneLevels"  line. 
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Tims,  the  i m | > 1 1 (  "abcaaaaacL  produces  the  onl  |>iii  "ahcaaaaac  1  Ins  output  is  produced  i>\ 
going  through  t lit*  skeletal  tier  ami  matching  each  X  (consonant  or  vowel)  in  it  against  elements 
in  the  string  table.  When  an  X  matches  exactly  one  of  the  "phonemes"  in  the  string  table,  the 
output  section  prints  that  phoneme's  string  representation.  Thus,  "a"  is  the  string  representation 
of  a  skeletal  C  connected  to  a  phonemic  Plwntmtc  with  the  representation  "a.  etc 

If  the  input  were  "baallcL."  the  “L"  would  be  connected  to  the  last  "a.  and  the  association 
convention  would  connect  both  high  tones  (represented  by  "a"  and  "H”)  to  the  lirst  "a."  The 
spreading  rule  would  not  apply  (since  there  would  be  no  unconnected  Y  elements),  and  the  output 
would  be  “baar." 


4.2  Bambara 


After  having  described  the  imaginary  language  Abe.  this  section  will  turn  to  a  small  subset  of 
the  phonology  of  Bambara.  a  Mamie  tone  language  spoken  in  Mali  (Hertz  1990).  Bambara  has 
a  twelve-vowel  system,  containing  the  standard  five  vowels  of  Spanish.  Japanese,  and  many  other 
languages  ("a.”  “e."  ”i."  "o.  and  "n” )  paired  with  nasalized  equivalents.  Completing  Bambara  s 
vowel  inventory  are  the  vowels  "I"  and  “E."  Hertz  (1990)  lists  the  following  consonants:  "  p."  "b." 
"m."  "t “c."  "d,”  "s."  "n."  "r."  "j ,  "k."  “g.  and  "ij."  There  are  two  tone  levels,  ami  high.  low. 

rising  and  falling  tones  appear  on  the  surface.  In  Bambara.  tones  do  not  begin  connected  to  specific 
consonants,  but  are  rather  grouped  with  entire  morphemes  and  attached  via  the  two  rules  discussed 
earlier  for  language  Abe.  Before  these  rules  apply,  however,  there  are  two  rules  that  apply  to  tones 
found  outside  of  normal  morphemes  (here  termed  “floating  tones  ")  In  general,  floating  tones  may 
be  found  underlying!}’  in  the  pattern  "H"  or  “HL."  The  rules  are  as  follows:  when  a  high  tone  ( “H “) 
immediately  precedes  a  morpheme  begin,  it  is  moved  into  the  following  morpheme.  If  however,  this 
rule  does  not  apply  (typically  because  the  high  tone  was  blocked  by  a  floating  low  tone  ("L"))  the 
high  tone  is  moved  into  the  previous  morpheme. 

The  subset  of  Bambara  phonology  described  above  might  be  specified  by  the  following: 

Language  Bambara: 


Phonemes:  m,  n,  "tj",  b,  d,  j,  g,  p,  r,  t,  c,  k,  s,  i,  in,  I,  e,  en,  E,  a, 
an,  u,  un,  o,  on. 

SpecMethod:  CV. 

Vowels:  i,  in,  I,  e,  en,  E,  a,  an,  u,  un,  o,  on. 

Consonants:  m,  n,  "tj",  b,  d,  j,  g,  p,  r,  t,  c,  k,  s. 

ToneLevels:  2. 


ToneNames:  L,  H. 

ToneReps:  "a"  :  a  /  H,  "a"  :  a  /  L,  "S"  :  a  /  H  L,  "a”  :  a  /  L  H,  "dn" 

:  an  /  H,  "an"  :  an  /  L,  "in"  :  an  /  H  L,  "an"  :  an  /  L  H,  "i"  :  i 

/  H,  "i"  :  i  /  L,  "i"  :  i  /  H  L,  "I"  :  i  /  L  H,  "in"  :  in  /  H,  "in" 

:  in  /  L,  "in"  :  in  /  H  L,  "In"  :  in  /  L  H,  "e"  :  e  /  H,  "e"  :  e  / 

L,  "e"  :  e  /  H  L,  "S"  :  e  /  L  H,  "en"  :  en  /  H,  "en"  :  en  /  L,  "en" 

:  en  /  H  L,  "5n"  :  en  /  L  H,  "6"  :  o  /  H,  "6"  :  o  /  L,  "6"  :  o  /  H 

L,  "0"  :  o  /  L  H,  "on"  :  on  /  H,  "on"  :  on  /  L,  "on"  :  on  /  H  L,  "5n" 

:  on  /  L  H,  "u"  :  u  /  H,  "u"  :  u  /  L,  "ti"  :  u  /  H  L,  "11"  :  u  /  L  H, 

"un"  :  un  /  H,  "un"  :  un  /  L,  "On"  :  un  /  H  L,  "On"  :  un  /  L  H,  "1" 

:  I  /  H,  "I"  :  I  /  L,  "I"  :  I  /  H  L,  "I"  :  I  /  L  H,  "E"  :  E  /  H,  "E" 

E  /  L,  "E"  :  E  /  H  L,  "E"  :  E  /  L  H. 


Associates:  {segmentjT} ,  segment{V}},  {segmentjX},  segment{P}}. 
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m  u  s  o  d  on 


C  V  C  V  C  V 

word  morPh  L  H  L 

figure  4-1:  Internal  representation  of  luiiso+don 


Rules : 

Rule  "Floating  High  Tone  Metathesis": 

Tiers : 

tonal:  "]m"  H  "m[". 

Effects : 

H  ->  "m[" 

Rule  "Floating  High  Tone  Metathesis  (part  2)": 

Tiers : 

tonal:  "]m"  H. 

Effects : 

H  ->  _  "]m" . 

Rule  "Initially  Connect  Tones": 

Tiers : 

skeletal:  (V)  CO  "]m", 
tonal:  (T)  "]m". 

Effects : 

V  :  :  T. 

Rule  "Spread  Left": 

Tiers : 

skeletal:  (V)  CO  V, 
tonal:  T. 

Connections : 

V [2]  —  T. 

Effects : 

«  T  skeletal. 

The  parser,  upon  receiving  the  above  specification,  would  act  in  a  manner  almost  identical  to  the 
parsing  of  Abe  above,  except  that  the  first  two  rules  involve  metathesis.  Thus,  for  the  first  of  these 
rules  the  replacement  chart  differs  from  the  original  chart  in  that  the  "H‘‘  moves  to  the  right  side  of 
the  morpheme  begin,  and  the  second  in  that  the  "H"  moves  to  the  left  side  of  the  morpheme  end. 
Upon  receiving  the  input: 

w[  m[  musoL  ]m  H  m[  donL  ]m  ]w 

("It  is  a  woman")-’,  the  input  system  enters  a  wort!  begin  into  each  tier,  followed  by  a  morpheme 
begin.  Next,  the  segments  “muso"  are  entered  into  the  phonemic  tier,  corresponding  to  the  skeletal 
"CVCV."  "L"  is  simultaneously  added  to  the  tonal  tier.  Input  continues  in  this  manner  until  the 
word  end  is  reached. 

The  first  rule  matches  against  the  "H”  between  morpheme  boundaries,  and  moves  it  into  the 
morpheme  "(1011."  Because  of  this  movement,  the  second  rule  does  not  match.  The  third  rule  matches 
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Note  that  the  spares  between  characters  are  actually  tabs — AMAH  reads  spaces  as  word  breaks. 
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tin-  final  "o'  in  "iiiuso.''  attaching  ii  to  "  L.  I  lit-  association  convention  attempts  to  apply,  lmt  there 
are  no  further  lone/vmvel  pairs.  Next,  the  third  rule  matches  the  vowel  on  in  "don.  attaching  it 
to  I.  Ihe  association  convention  then  attaches  the  moved  "II  to  tin  "on  as  well,  linalk.  tin 
fourth  rule  applies,  spreading  the  connection  from  the  first  low  tone  to  tin-  "u  in  niuso.  and  tin 
output  system  produces  "nnisb-f  don  '  from  tin  internal  representation  depicted  in  figure  1-1 
from  t he  input : 

w[  m[  musoL  ]m  HL  m[  donL  ]m  ]w 

("It  is  the  woman  )  tin  system  behaves  much  as  before,  except  that  the  floating  "L  blocks  the  first 
rule  from  applying.  I  he  second  rule  thus  matches  and  applies,  moving  the  "II'  into  the  morpheme 
“iiiuso."  Iliiis.  when  the  third  rule  applies.  "IT  is  connected  to  tin-  last  vowel  in  "niuso.  The 
association  convention  now  connects  the  T"  to  the  "if  in  niuso.  In  the  morpheme  "don.  '  only  "If 
is  connected  to  the  vowel.  Thus,  no  vowels  are  left  unconnected,  and  the  spreading  rule  does  not 
apply.  The  output  is  "miiso-f don. 

4.3  Spanish 

The  aspects  of  Spanish  phonology  modeled  here  are  continuaney  specification  in  voiced  obstruants 
and  nasal/lateral  assimilation.  In  contrast  to  the  previous  examples,  this  section  will  examine  two 
models  for  Spanish.  In  addition,  it  will  be  noted  that  both  of  these  models  are  incomplete,  and  a  third 
model  will  be  proposed,  but  not  fully  specified.  All  of  these  models  attempt  to  explain  the  following 
feature  of  Spanish:  voiceless  obstruants  in  Spanish  (written  “b."  "v.  "df  and  "g " )  are  underlyingly 
unspecified  for  the  feature  [continuant]  (hozano  197b.  (Joldsmith  1981.  Clements  1987).  Ihe  voice¬ 
less  obstruants  receive  a  value  of  [+coutinuant]  in  most  environments,  except  for  the  phrase-initial 
environment  ([-continuant]  is  preferred,  but  [-1-continuant]  is  optional),  the  environment  following  a 
nasal,  and  the  environment  following  a  lateral,  if  the  obstruant  is  a  coronal. 

4.3.1  Matrix  Model 

The  first,  and  most  incomplete,  model  uses  a  feature-matrix  based,  non-autosegment al  approach. 
In  this  model,  a  consonant  unspecified  for  [continuant]  and  preceded  by  a  nasal3  will  become  [- 
continuant].  Otherwise,  consonants  unspecified  for  [continuant]  will  become  [+coutinuant]. 

This  model  is  specified  as  follows: 

Language  Spanish: 

Phonemes:  a,  b,  B,  "jf",  "C",  d,  D,  "A",  e,  f,  g,  G,  "y",  i,  x,  k,  1,  "X", 
m,  n,  "ft",  o,  p,  r,  rr,  s,  t,  u,  w,  y. 

SpecMethod:  CV/Matrix. 

Vowels:  a,  e,  i,  o,  u. 

Consonants:  b,  B,  "|3",  "C",  d,  D,  "5" ,  f,  g,  G,  "y",  x,  k,  1,  "X",  m,  n, 

"ii" ,  p,  r,  rr,  s,  t,  w,  y. 

Features:  high,  low,  back,  round,  cont,  son,  ant,  cons,  nasal,  cor,  delrel, 
stri,  voice,  asp,  lat. 

Defaults : 

any  ->  [-nasal,  -low,  -back,  -high,  -stri,  -delrel,  -asp,  -lat, 

-round,  -voice]. 


‘Here  represented  as  a  skeletal  "0"  segment  connected  to  a  feature  matrix  containing  tile  feature  [-(-nasal]. 
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vowel  ->  [-cons,  +cont,  +son,  -round,  -ant ,  -cor], 


a  ->  [+low ,  +back] , 
i  ->  [thigh] 
o  ->  e  [+back] , 
u  ->  i  [tback] , 

[+back,  -low]  ->  [+round] , 

consonant  ->  [+cor,  -son,  +cons,  +ant,  -cont]  , 

p  ->  [-cor]  , 
b  ->  p  T+voice]  , 
f  ->  p  L  t-cont]  , 
m  ->  p  [+son,  +nasal] , 

B  ->  b  [cont]  , 

"|V  ->  b  [+cont] , 

w  ->  u, 

y  ->  i, 

d  ->  [+voice] , 
n  ->  [+son] , 
s  ->  [+cont]  , 

"C"  ->  [-suit,  tdelrel,  +stri]  , 

D  ->  d  [cont]  , 

"fl"  ->  d  [+cont] , 

[+cont ,  -voice]  ->  [+stri]  , 

r  ->  n  [+cont] , 
n  ->  [+nasal] , 

1  ->  r  [+lat]  , 

rr  ->  r  [+stri]  , 

"ii"  ->  n  [-ant]  , 

"X"  ->  1  [-ant] , 

[+son]  ->  [+voice] , 

k  ->  [-ant,  -cor], 
g  ->  k  [+voice]  , 
x  ->  k  [+cont]  , 

G  ->  g  [cont] , 

"X"  ->  g  [+cont] . 

ToneLevels:  0. 

Rules : 

Rule  "Continuancy  1": 

NoWordBounds 
Tiers : 

phonemic :  [+nasal]  ( [cont]  ) , 
skeletal:  C  C, 
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Connections : 

[+nasal]  —  C[l], 

[cont]  —  C[2], 

Effects : 

[cont]  ->  [-cont]  . 

Rule  "Continuancy  2": 

Tiers : 

phonemic :  ( [cont]  ) , 
skeletal:  C. 

Connections : 

[cont]  —  C. 

Effects : 

[cont]  ->  [+cont]  . 

The  parsing  process  for  tiiis  specification  occurs  similarly  to  that  of  the  previous  examples  until 
the  keyword  Features  is  reached.  When  the  parser  reaches  this  section,  each  identifier  will  he 
assigned  to  a  feature  and  stored  in  the  string  table.  The  parser  will  then,  in  the  string  table,  go 
through  every  phoneme  defined  above  and  represent  it  as  an  empty  feature  matrix.  At  the  defaults 
section,  the  parser  will  first  go  through  every  phoneme  and  copy  into  its  matrix  the  features  [-nasal], 
[-low],  [-back],  [-high],  [-stri],  [-delrel],  [-asp],  [-lat],  [-round],  and  [-voice].  Then,  it  will  go  through 
only  the  vowels  in  the  string  table  and  copy  into  the  matrices  the  features  [-cons],  [+cont],  etc.  At 
the  line  “a  ->  .  .  . ."  the  parser  will  copy  the  specified  features  into  the  matrix  for  the  phoneme 
'  a."  as  it  will  do  for  all  other  lines  of  this  type.  At  the  line  '[-i-back,  -low]  ->  [+round] . "  the 
parser  will  search  through  the  table,  and  for  every  phoneme  specified  [+baek.  -low],  it  will  copy  in 
[+round],  At  the  line  "b  ->  p  [+voice] the  parser  will  copy  the  specification  of  ”p"  into  "b." 
adding  the  feature  [-fvoice].  The  parser  will  then  proceed  similarly  until  it  reaches  the  keyword 
“ToneLevels."  at  which  point  it  will  note  in  the  chart  that  there  are  no  tones  and  go  on  to  define 
rules.  The  first  rule  will  be  defined  to  ignore  word  boundaries  (as  is  typical  for  postlexical  rules), 
and  will  be  represented  as  three  phonemic  and  three  skeletal  tiers.  In  the  "original"  phonemic  tier 
there  will  be  a  feature  matrix  containing  the  feature  [-(-nasal]  and  a  feature  matrix  marked  for  exact 
matching  containing  the  feature  [cont]  (i.e.  the  rule  will  match  a  segment  specified  [-(-nasal]  followed 
by  a  segment  unspecified  for  [continuant]).  The  "replacement"  and  map  phonemic  tiers  will  contain 
[-cont]  instead  of  [cont],  ami  all  three  skeletal  tiers  will  contain  two  C  segments.  Thus,  this  rule 
will  replace  an  unspecified  [continuant]  feature  will  [-continuant]  in  the  environment  described.  The 
last  rule,  which  does  not  need  to  ignore  word  boundaries,  is  simply  defined  to  replace  unspecified 
[continuant]  features  with  [-(-continuant]. 

Upon  receiving  the  input  su  D(Do  (“his/her/your/their  finger"),  the  system  will  build  the  rep¬ 
resentation  depicted  in  figure  4-2.  Since  there  are  no  nasals  in  this  input,  the  first  rule  will  not 
apply,  and  the  second  rule  will  apply  to  the  two  "D"  s.  since  both  are  unspecified  for  the  feature 
[continuant].  Thus,  the  chart  will  now  contain  the  representation  depicted  in  figure  4-3,  and  the 
output  will  be  su  5 (do. 

From  the  input  un  DeDo  (  "a  finger"  ).  the  system  will  build  the  representation  depicted  in  figure  4- 
4.  The  first  rule  will  match  the  "D"  after  "n."  specifying  it  [-continuant].  Next,  the  second  rule  will 
match  the  other  “D”  and  specify  it  [-(-continuant].  The  chart  will  now  contain  the  representation 
depicted  in  figure  4-5,  and  the  output  will  be  su  dtdo. 

4.3.2  Tree  Model 

The  second  model  uses  an  autosegmental  approach  to  represent  the  relevant  features  of  Spanish 
phonology  more  completely,  and  more  elegantly.  The  model  makes  use  of  two  rides  unmodeled  by 
the  previous  example.  The  first  is  that  a  nasal  consonant  in  syllable-final  position  will  receive  its 
point  of  articulation  from  the  consonant  to  its  right  (Harris  1984).  This  process  is  here  modeled  by 
assimilation  of  the  following  consonant  s  place  node.  The  second  rule  states  that  a  lateral  segment 
assimilates  the  point  of  articulation  of  a  following  coronal  consonant  (Harris  1969).  I  sing  these  two 
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Figure  *1-2:  Internal  Representation  of  "su  DeDo' 
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Figure  l-;i:  Internal  Representation  of  Output  from  “su  DeDo  ’ 
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Figure  4-4:  Internal  Representation  of  "un  DeDo" 
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Figure  4-5:  Internal  Represent  ation  of  Out  put  from  “un  DeDo" 


rules,  the  current  model  postulates  (doldsmith  11)1)0.  pa^.s  71)  71)  that  a  consonant  unspecified  for 
[continuant]  assimilates  the  value  of  [continuant]  of  the  previous  consonant,  it  the  two  consonants 
share  the  same  place  node.  Just  as  in  the  previous  example,  consonants  unspecified  tor  [continuant] 
default  to  [+continuant]. 

Idle  model  would  he  specified  as  iollows: 


Language  Spanish: 

Phonemes:  a,  b,  B,  "(V1,  "C",  d,  D,  "3",  e,  f,  g,  G,  i,  x 

m,  n,  "ft",  "tj",  o,  p,  r,  rr,  s,  t,  u,  w,  y. 

SpecMethod:  CV/Tree. 

Vowels:  a,  e,  i,  o,  u. 

Consonants:  b,  B,  "|J" ,  "C",  d,  D,  "3",  f,  g,  G,  "\".  x,  k,  1, 
"ft",  "tj",  p,  r,  rr,  s,  t,  w,  y. 

Tree  { 


k,  1,  "X", 


"X", 


m,  n, 


[root  :  skeletal}, 

[stricture  :  root  :  [cons] ,  [son] ,  [cont] ,  [stri] ,  [lat] } , 
[laryngeal  :  root  :  [voice],  [delrel]}, 

{ supralaryngeal  :  root}, 

[softpalate  :  supralaryngeal  :  [nasal]}, 

[place  :  supralaryngeal}, 

[labial  :  place  :  [round]}, 

[coronal  :  place  :  [ant]}, 

[dorsal  :  place  :  [high],  [low],  [back]} 


Defaults : 

any  ->  segment{root  :  segment{stricture  :  segment  {cons} , 

segment{son> , 
segment{cont} , 
segment{stri> , 
segment{lat}} , 

segment{laryngeal  :  segment{voice> , 

segment{delrel}}, 
segment{supralaryngeal  : 

segment {softpalate  :  segment {nasal}} , 
segment{place}}} , 


vowel  ->  segment {place  :  segment{labial  :  segment{-round}} , 

segment {dorsal  :  segraent{-high} , 
segraent{-low}, 

segment{-back}}} , 


vowel  ->  [+cont,  +son,  -nasal,  -cons,  -stri,  -lat,  +voice,  -delrel], 

a  ->  [+low,  +back] , 
i  ->  [+high] , 
o  ->  [+back] , 
u  ->  [+high,  +back] , 


[+back,  -low]  ->  [+round]  , 


consonant  ->  [-cont ,  -son,  -nasal,  +cons,  -stri,  -lat,  -voice, 

-delrel] , 

p  ->  segment{place  :  segment {labial  :  segment { -round} }} , 
b  ->  p  [+voice]  , 
f  ->  p  [+cont] , 
m  ->  p  [+son,  +nasal]  , 

B  ->  b  [cont] , 

"(V  ->  b  [+cont] , 

w  ->  u, 
y  ->  i, 

t  ->  segment{place  :  segment{coronal  :  segment { +ant }}} , 
d  ->  t  [+voice] , 
n  ->  c  [+son]  , 
s  ->  t  [+cont]  , 

"C"  ->  t  [-ant,  tdelrel,  +stri] , 

D  ->  d  [cont]  , 

"3"  ->  d  [+cont] , 

[+cont,  -voice]  ->  [+stri] , 

r  ->  n  [+cont] , 

1  ->  n  [+lat] , 
n  ->  [+nasal] , 

rr  ->  r  [+stri] , 

"ft"  ->  n  [-ant] , 

"X"  ->  1  [-ant], 

k  ->  segment{place  :  segment (dorsal  :  s egment{ thigh } ,  segment { -low } , 
segment} +back}}} , 

"ij"  ->  k  [+son,  +nasal]  , 
g  ->  k  [+voice] , 
x  ->  k  [+cont] , 

G  ->  g  [cont] , 

"Y"  ->  g  [+cont] , 

[+son]  ->  [+voice]  . 

ToneLevels:  0. 

Rules : 

Rule  "Nasal  Assimilation": 

NoWordBounds 
Tiers : 

place: (place)  place, 

skeletal:  C  C, 

nasal:  tnasal  . 

Connections : 


place[l]  —  C[l]  , 
place [2]  —  C [2] , 

Ctl]  —  +nasal. 

Effects : 

placetl]  -Z-  C [1] , 

C[l]  ::  place [2]. 

Rule  "Lateral  Assimilation": 

NoWordBounds 

Tiers : 

coronal :  coronal , 

place:  place  place, 

skeletal:  C  C, 

lat :  +lat . 

Connections : 

place [1]  —  C[l] , 

C[l]  —  +lat , 
coronal  —  place [2], 
place  [2]  —  C[2]. 

Effects : 

place[l]  -Z-  C[l]  , 

Ctl]  :  :  place [2]  . 

Rule  "Continuancy  1": 

NoWordBounds 

Tiers : 

place:  (place), 

skeletal:  C  C, 

cont :  -cont  cont . 

Connections : 
place  —  C[l] , 
place  —  C[2] , 

C[l]  —  -cont, 

C  [2]  —  cont . 

Effects : 

C [2]  : :  -cont , 

C[2]  -Z-  cont. 

Rule  "Continuancy  2": 

Tiers : 

cont : (cont) , 
skeletal:  C. 

Connections : 
cont  —  C . 

Effects : 

cont  ->  +cont . 

In  the  previous  examples,  there  have  automatically  been  three  tiers:  the  skeletal  tier,  the  phone¬ 
mic,  and  the  tonal.  In  this  example,  however,  the  parser  will  indeed  create  those  three  tiers  auto¬ 
matically,  but,  upon  reading  the  Tree  section  on  the  specification  file,  it  will  create  tiers  for  each 
class  node  and  feature  defined  there.  In  addition,  it  will  create  and  place  in  the  chart  the  tree 
structure  depicted  in  figure  4-6.  In  the  default  section  most  lines  behave  similarly  to  those  in  the 
matrix  example,  and  those  that  contain  segmentspecs  build  tree  structures.  Thus,  every  phoneme 
first  receives  a  generic  tree  structure,  then  vowels  add  a  dorsal  and  labial  node,  and  the  various 
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X 


root 


laryngeal 


stricture 


supralaryngeal 


[cons]  [Jat]  [voice]  ldelre,J 

[son]  [stri] 

[cont] 

place 


softpalate 


labial  coronal  [nasal] 

dorsal 

[round] 


[high]  [low] 
[back] 

Figure  4-6:  Tree  Structure 


[ant] 


consonants  add  the  appropriate  place  nodes.  The  rules  are  as  discussed  above,  and  are  build  in  the 
same  manner  as  in  the  previous  examples. 

Upon  receiving  the  input  "un  Beso,”  the  system  will  build  the  structure  depicted  in  figure  4-7. 
The  rule  of  nasal  assimilation  will  match  "n  B"'  and  produce  the  structure  shown  in  figure  4-6. 
Because  the  "n"  (now  an  “m.”  sharing  the  “B"  s  labial  point  of  articulation)  shares  a  place  node 
with  "B,”  the  first  continuancy  rule  will  apply,  and  "B"  will  become  [-continuant].  Thus,  the  chart 
will  contain  the  structure  shown  in  figure  4-9.  and  the  system  will  produce  the  output  ”um  beso." 
(liven  the  input  “su  Beso,”  the  nasal  assimilation  rule  will  not  apply,  so  the  second  continuance 
rule  will  apply  instead  of  the  first,  and  the  output  will  be  “su  peso.”  Similarly,  “al  Cato"  produces 
"al  yato”  (since  “Cl"  is  not  coronal,  and  therefore  the  lateral  assimilation  rule  does  not  apply,  thus 
disallowing  the  first  continuancy  rule),  “al  DeDo”  produces  "al  dedo”  (since  "D”  is  coronal  and  the 
lateral  assimilation  applies,  with  similar  results  to  the  case  of  "un  Beso”).  and  "al  Xano”  produces 
"aX  Xano”  (since  "X”  is  a  palatal,  and  thus  its  place  node  contains  the  feature  [-anterior],  which 
becomes  shared  by  the  previous  consonant.) 

4.3.3  Hypothetical  Model 

As  it  turns  out.  the  data  for  Spanish  suggest  that  the  previous  model  is  incorrect  (Personal  Commu¬ 
nication.  Harris).  There  are  cases  in  which  the  nasal  assimilation  rule  is  blocked,  but  the  following 
voiced  obstruant  still  becomes  a  [-continuant].  Thus,  another  model  might  postulate  that  voiceless 
obstruants  assimilate  the  continuancy  of  the  previous  sonorant ,  with  a  default  value  of  [-continuant]. 
Thus,  phrase-initial  obstruants  would  be  [-continuant.],  as  predicted  by  none  of  the  previous  models 
but  supported  by  the  data.  Voiceless  obstruants  preceded  by  vowels  would  become  [-(-continuant], 
and  when  preceded  by  [-continuant]  sonorants  (such  as  "1”  and  "n.”  but  not  "r”  )  they  would  become 
[-continuant].  The  rules  for  this  model  would  lie  as  follows: 


Rules : 


word 


[+cont] 
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V 
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root 

root 

laryngeal 

laryngeal 

supralaryngeal 

[+voice] 

supralaryngeal 

[+voice] 

softpalate 

softpalate 

place 

[-nasal] 

[+nasal] 

place 

labial 

dorsal 

[+round] 

coronal 

[+high]  [+low] 

[+ant] 

[+back] 
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stncture 


root 
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softpalate 


[-nasal] 


place 


labial 


Figure  4-7:  Partial  Representation  of  "un  Beso" 


(5! 


Figure  4-9:  “un  Beso"  after  Application  of  Oontiiuiancy  Rule  One 
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Rule  "Nasal  Assimilation": 

NoWordBounds 

Tiers : 

place : (place)  place, 

skeletal:  C  C, 

nasal:  +nasal  . 
Connections : 

place[l]  —  C[l] , 
place [2]  —  C[2], 

C[l]  —  +nasal. 

Effects : 

placed]  -Z-  C Cl]  , 

C [1]  : :  place  [2] . 


Rule  "Lateral 

.  Assimilation": 

NoWordBounds 

Tiers : 

coronal : 

coronal 

place : 

place 

place , 

skeletal : 

C 

c, 

lat : 

+lat . 

Connections : 

placed]  — 

C[l], 

C[l]  —  +lat , 
coronal  —  place  [2]  , 
place [2]  —  C[2]  . 

Effects : 

placed]  -Z-  C Cl]  , 

C[l]  ::  place [2] . 

Rule  "Continuancy  1": 

NoWordBounds 

Tiers : 

son:  +son, 

skeletal:  X  CO  C, 

cont :  ®cont  cont . 

Connections : 

+son  —  C  [1]  , 

C[l]  —  Qcont, 

C  [2]  —  cont  [2]  . 

Effects : 

C [2]  : :  Qcont , 

C [2]  -Z-  cont [2]. 

Rule  "Continuancy  2": 

Tiers : 

cont : (cont) , 
skeletal:  C. 

Connections : 

cont  —  C. 

Effects : 


cont  ->  -cont . 


( ‘on | illation 

Output  lorm 

1 

kd  t  1 ) 

11 

katta!> 

111 

kaat  ah 

IV 

.’aktab 

V 

(akattah 

VI 

takaatab 

VII 

nkatab 

VIII 

kt  Ht  H 1 ) 

IX 

ktabali 

X 

staktab 

XI 

ktaabab 

XII 

kt  awbab 

XIII 

ktawwab 

XIV 

ktanhab 

XV 

ktanbay 

Table  4.1:  Conjugation  of  ktb  in  ( 'las.-dcal  Arabic 


Note  that  the  segment  reference  for  [cont]  in  the  first  continuancy  rule  has  the  index  "[’2]."  This 
index  is  necessary  because  both  fflcont  and  cont  match  the  specification  cont  (since  features  specified 
with  ®  match  any  other  feature  of  the  same  name,  regardless  of  value),  so  the  ~[2]"  signifies  that 
the  second  feature  matching  cont  is  desired.  Note  also  that  this  hypothetical  rule  cannot  actually 
be  implemented  in  the  current  system,  because  one  needs  to  specify  where  the  skeletal  contains  CO 
that  the  matching  system  should  skip  over  all  obstruant  consonants  following  the  sonorant  that  are 
specified  for  continuant.  The  notation  for  this  does  not  yet  exist  in  AMAH,  but  will  be  implemented 
in  the  next  version. 


4.4  Arabic 

The  final  example  will  deal  with  verbal  conjugation  in  Classical  Arabic,  following  to  some  extent 
McCarthy  (1975)  and  Goldsmith  ( 1990).  There  are  fifteen  basic  'conjugations'"  in  Classical  Arabic, 
each  one  consisting  of  a  pattern  of  consonant  and  vowel  positions.  The  actual  vowels  making  up  a 
conjugated  verb  depend  on  the  tense  and  voice,  and  the  consonants  are  determined  lexically.  Thus, 
the  morpheme  ktb  would  be  "conjugated"  as  in  table  4.1. 

In  the  case  modeled  here,  and  shown  in  the  table,  the  verb  is  conjugated  in  the  active  perfective, 
so  there  is  only  one  vowel,  "a."  that  spreads  across  all  vowel  slots.  Thus,  for  any  given  conjugation, 
a  rule  would  apply  to  build  the  proper  consonantal  and  vowel  positions  on  the  skeletal  tier,  the 
consonants  would  be  connected  to  the  C  slots  by  means  of  a  connective  rule  and  the  association 
convention,  and  the  vowel  “a"  would  be  connected  to  the  vowel  slots.  In  addition,  some  of  the 
conjugations  include  prefixes  or  infixes,  which  would  be  added  afterwards. 

The  (somewhat  incomplete)  AMAH  specification  for  Arabic  is  as  follows: 


Language  Arabic: 

Phonemes:  b,  f,  "9",  "3",  m,  t,  d,  s,  z,  n,  1,  r,  k,  "3",  "S",  q,  x,  "y", 

Mf|M  H'j»M  h  y  w 

SpecMethod:  CV/Tree . 


Vowels:  i,  a,  u. 


Consonants:  b,  f,  "0",  "<V',  m,  t,  d,  s,  z,  n,  1,  r,  k,  "y 
“h",  "V",  "S'" ,  h,  y,  h. 


"2",  q,  x. 


Tree  { 

{vroot  :  skeletal}, 

{croot  :  skeletal  :  [son]}, 

{cons  :  croot  :  [cont]  ,  [lat]  ,  [stri]  } , 

{"soft  palate"  :  croot  :  [nasal]}, 

{guttural  :  croot}, 

{"tongue  root"  :  guttural  :  [RTR] } , 

{larynx  :  guttural  :  [stiff],  [slack],  [constr] ,  [spread]}, 
{place  :  croot } , 

{place  :  vroot}, 

{coronal  :  place  :  [ant],  [dist] } , 

{peripheral  :  place}, 

{dorsal  :  peripheral  :  [back]  ,  [high] ,  [low] } , 

{labial  :  peripheral  :  [rounded]} 


Defaults : 

vowel  ->  segment{vroot  :  segment{place  : 

segment{peripheral  : 
segment{dorsal  : 

segment{+back> , 
segment {+low»»} , 


i  ->  [-back,  -low],  u  ->  [-low], 

consonant  ->  segment{croot  :  segment{-son} , 

segment{cons  :  segment{~cont} , 
segment{-lat>, 
segment{-stri}> , 

segment{"sof t  palate"  :  segment{-nasal)-} , 
segment{guttural  : 

segment{"tongue  root": 

s  egment  {-RTR» , 
segment{larynx  : 

segment{-stiff > , 
segment{+slack} , 
segment{-constr} , 
segment {-spread}}} , 

s egment {place}}, 

b  ->  segment {place  :  segment {peripheral  :  segment { labial} }} , 
b  ->  [+stiff] , 
f  ->  b  [+cont,  -stiff], 
m  ->  b  [+son,  +nasal] , 

y  ->  segment{croot  :  segraent{  +  son) ,  segment{place} } , 

y  ->  segment{place  :  segment} coronal  :  segment{-ant} ,  segment { +dist }}} , 
w  ->  y, 

w  ->  segment{place  :  segment {peripheral  :  segment {labial}}} , 


t  ->  segment {place  :  segment { coronal  :  segment {  + ant j ,  segment { +dist ) | } , 
d  ->  t  [+stiff]  , 

"0"  ->  t  [+cont] , 

"<V*  ->  d  [+cont]  , 
s  ->  "0"  [+stn]  , 
z  ->  "A"  [+stri]  , 
n  ->  d  [+son,  +nasal] , 

1  ->  d  [+son,  +lat] , 
r  ->  d  [+son,  -dist,  +cont] , 

"g"  ->  s  [-ant] , 

->  2  [-ant]  , 

k  ->  segmentjplace  :  segment {per ipheral  :  segment {dorsal} } } , 

q  ->  k  [+RTR] , 
x  ->  q  [+cont] , 

"V"  ">  x  [+stif f ]  , 

"ti"  ->  [+constr]  , 

"V  ->  "h"  [+stiff] , 

"V"  ->  [+constr,  +stiff,  -slack], 
h  ->  [+spread] . 

ToneLevels:  15. 

NonAssociates :  {segment{X},  segment { croot }} ,  {segment{X},  segment { vroot }} . 
Associates:  {segment{V},  s egment{ vroot }} ,  {segment{C},  s egment{ croot }) . 

Rules : 

Rule  "Skeletal  Cleansing  1": 

Tiers : 

skeletal:  C, 

croot :  croot . 

Connections : 

C  —  croot . 

Effects : 

C  -Z-  croot , 

C  ->  0. 

Rule  "Skeletal  Cleansing  2": 

Tiers : 

skeletal:  V, 

vroot :  vroot . 

Connections : 

V  —  vroot . 

Effects : 

V  -Z-  vroot , 

V  ->  0. 

Rule  "Conjugation  1": 

Tiers : 

skeletal :"w["  "]w", 

tonal :"w["  1  "]»". 


Effects : 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "] h"  [1]  , 

0  ->  C  /  _  ,,]w"[l]  . 

Rule  "Conjugation  2": 
Tiers : 

skeletal : "w["  "]w", 

tonal : "w["  2  "]w" . 
Effects : 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]h" [1]  , 

0  ->  /C/  /  _  "]w" [1]  , 
0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  “ ]w"[l ], 

0  ->  C  /  _  "]w"[l]  . 

Rule  "Conjugation  3": 
Tiers : 

skeletal : "w["  "]w", 

tonal :"w["  3  "]w". 
Effects : 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  V  /  _ 

0  ->  C  /  _  "]w»[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  . 

Rule  "Conjugation  4": 
Tiers : 

skeletal: "w["  "]w", 

tonal :"w["  4  "]w". 
Effects : 

0  ->  V  /  _  "]  w"  [1]  , 

0  ->  C  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  . 

Rule  "Conjugation  5": 
Tiers : 

skeletal : "w ["  "]w", 

tonal :"w["  5  "]w". 
Effects : 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  ”]w"[l] , 

0  ->  V  /  _  "]w"[l] , 

0  ->  /C/  /  _  "]w"[l] , 
0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  , 

0  ->  C  /  _  "]»"[!]  . 
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Rule  "Conjugation  6": 


Tiers : 
skeletal 
tonal 
Effects : 

0  ->  V  / 
0  ->  C  / 
0  ->  V  / 
0  ->  V  / 
0  ->  C  / 
0  ->  V  / 
0  ->  C  / 


"w["  "]s", 

"w["  6  "]w". 

"]w"[l]  , 

_  "]w"[l]  , 

_  "]w"[l3, 

_  "]w"[l]  , 

_  "]  w"  [1]  , 

_  "]w"[l]( 

"]»"[!]  . 


Rule  "Conjugation  V": 
Tiers : 

skeletal :"w["  "]w", 

tonal :"w["  7  "]w“. 
Effects : 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]h"  [1]  , 

0  ->  C  /  _  "]w"[l]  . 

Rule  "Conjugation  8": 
Tiers : 

skeletal: "w["  "]w", 

tonal :"w["  8  "]w". 
Effects : 

0  ->  C  /  _  "3w"  [1]  , 

0  ->  /C/  /  _  "]w"[l]  , 
0  ->  V  /  "Jw"[l]  , 

o  ->  c  /  _  "]w"[i] , 

0  ->  V  /  _  "]v"[l]  , 

o  ->  c  /  _  "]w"[i3 . 

Rule  "Conjugation  9": 
Tiers: 

skeletal :"w["  "]w", 

tonal :"w["  9  "]w". 
Effects : 

0  ->  C  /  _  "]w"[l], 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  , 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  . 


Rule  "Conjugation  10": 
Tiers : 

skeletal :"w["  "]v" 

tonal :"»["  10  "]w" 
Effects : 


0  ->  V  /  _  "]w“[l]  , 
0  ->  C  /  _  "] w" [1]  , 
0  ->  C  /  _  "]w"[l]  , 
0  ->  V  /  _  "]h"  [1]  , 
0  ->  C  /  "]w"[l]  . 


Rule  "Conjugation  11": 
Tiers : 

skeletal :"w["  "]w", 

tonal : "w ["  11  "]w". 
Effects : 

0  ->  C  /  _  "]»"[1], 
o  ->  c  /  _  "]w"[i] , 

0  ->  V  /  _  "] h"  [1]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  “]w"[l] , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]»"[!]  . 


Rule  "Conjugation  12": 
Tiers : 

skeletal :"w["  "]a", 

tonal :"w["  12  "]w". 
Effects : 

0  ->  C  /  _  "]w"[l] , 

0  ->  C  /  _  "]w"[l], 

0  ->  V  /  _  "]w"[l]  , 

0  ->  /C/  /  _  "]w" [l] . 

0  ->  C  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

o  ->  c  /  _  "]w"[i] . 

Rule  "Conjugation  13": 
Tiers : 

skeletal; "w["  "]w", 

tonal :"w["  13  "]w". 
Effects : 

0  ->  C  /  _  "]w"[l], 

0  ->  C  /  _  "]w"Cl] , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  /C/  /  _  "]w"[l]  , 

0  ->  /C/  /  _  "]w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  "]w"[l]  . 


Rule  "Conjugation  14": 
Tiers : 

skeletal: "w["  "]w", 

tonal :"w["  14  "]w". 
Effects : 

0  ->  C  /  _  "]w"[l] , 

0  ->  C  /  _  *']w"[l]  , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  /C/  /  _  "]w"[l], 


()!» 


o  ->  c  /  .  "]»"[i] , 

0  ->  V  /  _  "]w"[l]  , 

0  ->  C  /  _  ••]*••  [1]  . 

Rule  “Conjugation  15": 

Tiers : 

skeletal :"h["  "]w", 

tonal :"h["  15  "]w". 

Effects : 

0  ->  C  /  _  "]w"[l]  , 

0  ->  C  /  _  "]  w"  [1]  , 

0  ->  V  /  _ 

0  ->  /C/  /  _  "]w" [l]  , 

0  ->  C  /  _  "]w"[l]  , 

o  ->  v  /  _  "]W"[13, 

0  ->  /C/  /  _  "]w"[l] . 

Rule  InitiallyConnect: 

Tiers : 

croot:  "w["  (croot), 
skeletal:  "w["  VO  (C). 

Effects : 

C  : :  croot . 

Rule  "Conjugation  4": 

Tiers : 

croot:  "w[", 
skeletal:  "w[", 
tonal:  "w["  4. 

Effects : 

0  ->  "?"  /  "w["[l, croot] 

"?"  :  :->  C  /  "w[" [1 .skeletal] 

Rule  "Conjugation  5": 

Tiers : 

croot:  "h[" , 
skeletal:  "w[", 
tonal:  "w["  5. 

Effects : 

0  ->  t  /  "w["[l, croot] 
t  ::->  C  /  "w[" [1 .skeletal]  _ 

Rule  "Conjugation  6": 

Tiers : 

croot:  "w[", 
skeletal:  "w[", 
tonal:  "w["  6. 

Effects : 

0  ->  t  /  "w["[l, croot] 
t  ::->  C  /  "w[" [1 , skeletal]  _ 

Rule  "Conjugation  7": 

Tiers : 

croot:  "w[", 


skeletal:  "w[", 
tonal:  "w["  7. 

Effects : 

0  ->  n  /  "w [“  [1 , croot] 
n  ::->  C  /  "w [" [1 , skeletal] 

Rule  "Conjugation  8": 

Tiers : 

croot:  "w ["croot, 
skeletal:  "w["  C  (C) , 
tonal:  "w["  8. 

Effects : 

C[2]  ::->  t  /  croot 

Rule  "Conjugation  10": 

Tiers : 

croot:  "w[", 
skeletal:  "w[", 
tonal:  "w["  10. 

Effects : 

0  ->  t  /  "w["[l .croot] 

0  ->  s  /  "w[" [l , croot] 

croot [2]  ::->  C  /  "w[" [1 .skeletal] 

croot  [1]  ::->  C  /  "w[" [1 .skeletal] 

Rule  "Conjugation  12": 

Tiers: 

croot :  croot , 

skeletal:  (C)  VO  C, 
tonal:  12. 

Connections : 

C[2]  —  croot. 

Effects : 

C[l]  croot. 

Rule  "Conjugation  13": 

Tiers : 

croot :  croot , 

skeletal:  (C)  VO  C, 
tonal:  13. 

Connections : 

C[2]  —  croot. 

Effects : 

C  Cl]  croot . 

Rule  "Conjugation  14": 

Tiers : 

croot :  croot , 

skeletal:  (C)  C, 
tonal:  14. 

Connections : 

C[2]  —  croot. 

Effects : 

C[l]  : :->  n  /  _  croot . 
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Rule  "Conjugation  15": 
Tiers : 

croot :  croot , 

skeletal:  (C)  C, 
tonal:  15. 
Connections : 

C[2]  —  croot. 

Effects : 

C[l]  : :->  n  /  _  croot 

Rule  "Conjugation  15": 
Tiers : 

croot:  "]w", 

skeletal:  (C)  "]w", 
tonal:  15  "]w". 

Effects : 

C  :  :->  j  /  _  "]»"[1]  . 

Rule  InsertA: 

Tiers : 

vroot:  "w["  "]w 

skeletal:  "w["  CO  (V). 
Effects: 

V  :  :->  a  /  _  "]w". 

Rule  "SpreadRight" : 
Tiers : 

vroot :  vroot , 
skeletal:  V  CO  (V) . 

Connections : 

vroot  —  V[l] . 

Effects : 

vroot  »  skeletal. 

Rule  Geminate: 

Tiers: 

croot :  croot , 

skeletal:  (C)  C. 
Connections : 

croot  —  C [2] . 

Effects : 

croot  : :  C [1]  . 

Rule  SpreadCRight : 

Tiers : 

croot :  croot , 
skeletal:  C  VO  (C). 

Connections : 

croot  —  C [1] . 

Effects : 

croot  »  skeletal. 


Despite  tin  large  number  of  rules  and  tin'  complicated  consonants1.  most  of  tin-  example  i>  dealt 
with  in  exactly  tin-  satin'  manner  as  tin  Spanish  example  l  he  only  major  features  utilized  here  and 
not  anywhere  else  are  controls  for  associativity,  lhe  model  used  here  states  that  consonants  and 
vowels  are  found  on  different  tiers  (noot  and  nool.  respectively),  and  therefore  it  is  not  appropriate 
for  ('  segments  to  freely  associate  with  noot s  or  l  segments  with  i  root s.  Howevt  r.  when  the 
tree  is  defined.  AMAR  automatically  assumes  that  <  root  and  noot.  as  inferiors  of  tin'  skeletal  tier, 
freely  associate  with  all  skeletal  segments,  lints,  the  NonAssociates  section  is  used  to  state  that 
A  segments  (/.(.,  any  skeletal  segments)  do  not  associate  freely  with  noot  and  noot.  and  the 
Associates  section  states  that  (  associates  freely  with  noot.  and  1  with  noot.  In  addition,  use 
is  made  of  mot  segments,  segments  defined  to  he  ignored  during  the  association  convention.  For 
example,  the  second  conjugation  builds  the  skeletal  segments: 

('  V  /('/  C  V  V 

where  the  second  C  segment  is  marked  as  inert,  (liven  the  input  ktb.  when  the  "k"  is  connected 
to  the  first  C .  the  association  convention  will  not  see  the  second  consonant  position,  and  will  thus 
connect  the  "t"  to  the  third  C  segment.  This  allows  a  later  gemination  rule  to  spread  the  "t"  to  the 
second  C  as  well.  For  input,  this  model  expects  simply  a  consonant  morpheme  (such  as  ktb  write' 
or  fit  'do')  along  with  a  number  (represented  as  a  floating  tone)  indicating  the  desired  conjugation. 
From  this,  it  will  build  an  appropriate  skeletal  tier,  connect  things  appropriately,  connect  the  vowel 
"a."  and  output  the  conjugated  form.  Thus,  upon  receiving  the  input  "1712."  the  system  will  build 
the  skeletal  segments  above,  connect  the  consonants  appropriately  and  add  "a"  to  produce  the 
output  "faVVa I . "  Similarly,  if  the  input  had  been  "ktb2."  the  output  would  be  "kattab."  If  the 
system  were  to  receive  a  "sentence"  (t.t..  a  number  of  words  separated  by  spaces  and  ended  with  a 
period)  such  as  "ktbd  1714  ktb!4  fr’UO  ".  the  output  would  be  "kaatab  Vaffal  ktanbab  stafVal.  " 


1  Note  that  the  tree  used  here  is  a  slightly  modified  rendition  of  that  presented  in  Halle  ( 


Chapter  5 


Discussion 


The  current  system,  while  powerful  and  fairly  useful,  has  nonetheless  many  possibilities  that  have  not 
yet  been  fully  explored  A  number  of  improvements  are  envisioned,  to  be  carried  out  by  the  author 
and  perhaps  later  users.  However,  there  remains  a  multitude  of  uses  for  this  version  of  AMAH,  and 
for  future  versions,  in  the  fields  of  phonology,  morphology,  phonetics,  and  speech  generation. 


5.1  Improvements  and  Extensions 

In  the  future,  improvements  might  be  sought  in  the  areas  of  interface,  linguistic  accuracy  and 
generality,  anti  reversibility.  As  one  can  see  from  the  many  diagrammatic  representations  of  various 
aspects  of  this  thesis,  autosegment al  phonology  lends  itself  rather  poorly  to  a  text-based  interface 
and  most  likely  rather  well  to  a  graphical  one.  The  user  might,  for  example,  wish  to  specify  rules 
in  the  exact  conventional  notation  rather  than  a  text-based  representation.  Thus,  a  user- interface 
could  allow  the  user  to  enter  the  segments  in  a  tier  and  draw  various  lines  to  connect  them.  The 
general  tree  structure  of  a  language  might  be  specified  simply  by  drawing  it.  It  would  be  fairly 
straightforward  to  implement  such  an  interface  as  the  one  described  here.  The  user  could  then 
choose  to  edit  whichever  representation  best  suits  his  or  her  present  purpose. 

Currently,  many  aspects  and  mechanics  of  autosegmental  theory  remain  unsupported.  For  ex¬ 
ample.  several  recent  papers  (Halle  1993.  Keyser  and  Stevens  1993)  make  use  of  "pointers,”  which 
are  directed  from  one  class  node  to  another  in  order  to  indicate  by  which  articulator  various  features 
such  as  continuancy  are  implemented  .  The  system  contains  some  internal  support  for  pointers,  but 
the  mechanics  of  pointers  has  not  been  fully  fleshed  out  within  the  system,  and  no  specification  mech¬ 
anism  yet  exists  for  the  user.  In  addition  to  pointers,  the  system  does  not  support  headed  trees  (as 
used  in  stress  assignment),  feature-containing  class  nodes  (Halle  1993).  the  notion  of  "markedness" 
(there  are  some  rules  that  do  not  "see"  unmarked  features,  and  some  that  do  (Halle,  personal  com¬ 
munication)).  and  a  number  of  other  theoretical  and  mechanical  aspects  of  autosegmental  phonology. 
Many  of  these  problems  could  be  solved  simply  by  allowing  the  user  to  specify  the  contents  of  newly 
defined  tiers.  For  example,  if  a  class  tier  were  allowed  to  contain  binary  valued  segments,  headed 
trees  would  be  possible  with  the  current  system.  In  addition,  class  tiers  containing  feature  matrices 
would  be  equivalent  to  feature-containing  class  nodes.  Finally,  markedness  could  be  implemented 
simply  by  providing  a  flag  in  feature  segments  specifying  whether  or  not  they  are  marked,  as  well 
as  one  for  rules  to  specify  whether  or  not  they  ignore  unmarked  features. 

Leaving  aside  the  problem  of  unsupported  aspects  of  autosegmental  theory,  there  still  exists  a 
number  of  inadequacies  in  the  features  supported  by  AMAR.  For  example,  word  and  morpheme 
boundaries  are  treated  as  individual  segments.  For  a  given  word  boundary,  the  system  inserts  one 
segment  for  every  tier  in  the  chart.  If  the  user  wishes  to  delete  a  boundary,  each  tier's  segment 
must  be  individually  deleted.  This  program  would  be  fairly  simple'  to  fix.  by  linking  all  segments 


'The  concept  of  pointers  originates  in  Sagev  (1980). 
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corresponding  to  a  given  boundary  and  deleting  the  entire  group  when  the  user  indicates  that  the 
boundary  should  be  deleted.  Another  flaw  of  the  current  system  lies  in  matching.  In  Digo.  a  Bantu 
language  of  northeastern  Tanzania,  there  is  a  rule  of  End  Run  (Kisseberth  198-1).  in  which  a  high 
tone  reassociates  to  the  final  vowel  of  a  word  (see  figure  -VI.)  This  rule  requires  the  system  to 
match  "Xo  V  ]vv,“  interpreted  as  ‘zero  or  more  skeletal  segments,  followed  by  a  vowel  at  the  end 
of  a  word."  However,  actually  implementing  this  matching  behavior  is  fairly  difficult  (since  "Xo" 
matches  the  final  “V"  as  well),  and  the  current  system,  upon  encountering  Co.  V().  or  Xo.  simply 
moves  forward  up  to  the  first  non-matching  segment — for  example,  the  current  system  could  handle 
"Xo  ]w".  but  not  "Xo  V  ]w“.  or  “Co  V".  but  not  "C()  C."  Presumably  numerous  other  problems 
of  this  nature  will  be  discovered  and.  it  is  to  be  hoped,  eliminated  during  the  use  of  the  system. 
It  may  be  tentatively  hypothesized,  however,  that  any  example  using  this  sort  of  matching  might 
better  be  recast  to  avoid  it.  For  example,  the  rule  of  end  run  could  be  restated  as  in  figure  5-2. 
This  restatement  would  further  hypothesize — most  likely  reasonably — that  end  run  is  blocked  before 
vowels  already  connected  to  tones. 

As  of  now.  AMAR  handles  generation  but  not  recognition.  That  is.  the  user  may  provide  an 
underlying  representation  and  be  returned  the  surface  representation  for  a  given  utterance,  but 
the  reverse  is  not  possible.  Since  rules  in  AMAR  are  symmetrical  (each  rule  stores  a  "before" 
and  "after"  representation  of  the  chart,  and  application  changes  the  chart  from  a  "before"  state 
to  an  "after"  state),  any  rule  whose  application  does  not  cause  information  loss  could  be  reversed 
simply  by  switching  the  “original"  and  "replacement"  charts.  In  addition,  one  could  provide  rules 
specifically  marked  only  to  apply  during  generation,  or  only  during  recognition.  Thus,  it  would  not 
be  too  difficult  to  provide  a  system  which  could  take  its  own  surface  output  and  recover  the  lexical 
form.  However,  converting  from  the  autosegmental  notation  to  the  type  of  notation  in  which  AMAR 
receives  its  input  involves  a  great  deal  of  information  loss.  For  example,  given  a  simple  string  of 
the  type  AMAR  outputs,  the  system  would  have  to  somehow  guess  whether  two  adjoining  symbols 
that  are  similar  in  some  way  are  such  accidentally  or  as  a  result  of  some  assimilation  process.  This 
problem  could  perhaps,  however,  be  addressed  by  strict  compliance  with  well-formedness  conditions 
such  as  the  obligatory  contour  principle,  which  states,  more  or  less,  that  "At  the  melodic  level  (/.(.. 
on  uon-skeletal  tiers),  adjacent  identical  elements  are  prohibited"  (McCarthy  1986).  Thus,  in  the 
example  given  before,  the  system  would  always  assume  that  what  appears  in  the  output  as  two 
segments  with  some  similarity  would  actually  be  represented  as  two  skeletal  positions  sharing  some 
portion  of  their  information — for  example,  the  output  form  "mb"  would  be  presumed  to  share  a 
place  node,  since  both  are  labial. 
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5.2  Possible  Uses  for  the  System 

Regardless  of  the  imperfections  of  tin-  current  system.  AMAH  presents  a  number  of  possibilii  ie.-s 
for  applications  in  phonology.  morphology,  phonetics,  ami  computerized  speech.  As  stated  in  the 
introduction.  AMAH  was  designed  to  allow  phouof>gists  to  model  linguistic  systems  and  check  tln  ir 
hypotheses  against  large  bodies  of  data.  Within  this  general  framework,  a  phonologist  at  tempt  my. 
for  example,  to  work  out  aspects  of  Fniversal  Phonology  might  try  to  model  as  many  languages  as 
possible  with  a  single  set  of  basic  mechanics  and  a  single  tree  structure.  I  sing  AMAH  it  becomes 
easy  to  check  whether  a  theoretical  change  motivated  by  some  particular  language  still  makes  the 
right  predictions  for  the  languages  previously  studied  one  simply  updates  the  old  specifications 
and  checks  against  the  inputs  and  expected  outputs  already  generated.  Another  use  for  the  system 
is  in  the  areas  of  computational  morphology.  Since,  as  we  have  seen.  AMAH  can  perform  most, 
if  not  all.  of  the  computations  of  which  the  leading  computational  morphology  system.  KIMMO. 
is  capable,  it  could  be  used  for  the  applications  in  which  KIMMO  is  currently  employed,  adding 
simplicity,  elegance,  and  an  advanced  capability  for  describing  complex  structures.  Work  in  pho¬ 
netics.  another  held  touching  closely  upon  phonology,  often  begins  from  an  underlying  phonological 
representation.  Thus,  computational  phoneticians  could  use  AMAH  as  a  back  end  to  provide  such 
representations,  furthermore,  with  only  minor  modifications  (such  as  allowing  floating  point  values 
in  various  tiers).  AMAH  could  become  a  powerful  mechanism  for  phonetics  in  its  own  right.  For 
example,  the  user  might  be  able  to  specify  and  modify  in  some  way  tone  frequencies,  segment  dura¬ 
tions,  or  any  number  of  similar  values.  Additionally,  many  phonetic  facts  may  be  described  in  the 
current  version  of  AMAH  ((.</.,  the  Spanish  example  of  section  d.d  is  generally  said  to  be  phonetic 
rather  than  phonological.)  Finally,  since  AMAH  converts  simple  unilinear  strings  into  complex  tree 
representations  representations  containing  detailed  articulatory  instructions  it  might  be  possible 
to  set  up  speech  generation  systems  in  which  one  begins  with  simple  text  and  uses  AMAH  to  con¬ 
vert  the  text  into  articulatory  instructions,  which  would  be  fed  into  an  articulation-based  speech 
generator  such  as  that  developed  by  Stevens  (1992). 


Appendix  A 


Full  Grammar  for  Specification 
File 


The  following  is  a  complete  description  of  the  grammar  for  an  AMAH  language  specification  file. 
Words  in  hold  face  represent  non-terminal  symbols.  Any  symbol  in  non-hold  courier  font  represents 
a  terminal  symbol,  any  of  which  would  he  entered  by  the  user  in  the  form  it  appears  here,  except  that 
letters  do  not  have  to  he  in  any  particular  case.  The  symbol  —  represents  a  regular  expression,  in 
which  expressions  in  square  brackets  represent  a  choice  (<•.</..  [A-Za-z]  matches  a  single  alphabetical 
character,  regardless  of  case.)  An  expression  in  square  brackets  in  which  the  first  symbol  is  a  caret 
matches  any  character  except  for  the  characters  found  after  the  caret.  An  asterisk  indicates  that 

there  may  he  zero  or  more  of  the  previous  expression.  The  symbol  -  represents  a  grammar  rule. 

In  both  grammar  rules  and  regular  expressions,  the  symbol  |  represents  "or."  Finally,  in  grammar 
rules,  and  not  in  regular  expressions,  large  square  brackets  around  an  expression  indicate  that  it 

is  optional,  and  a  comma-separated  list  with  ellipses  periods  (/.</..  "thing,  thing .  thing") 

represents  a  list  with  one  or  more  items,  as  would  he  represented  in  more  standard  grammar  as: 

list  - list  .  item  | 

item 

The  grammar  as  shown  here  attempts  to  he  readable  to  a  human,  rather  than  to  a  computer,  and 
is  not  an  immediately  parsable  Backus-Naur  Form  grammar.  However,  with  a  minimum  of  labor  it 
could  he  converted  into  such.  For  a  parsable  grammar,  the  start  symbol  would  he  language. 

identifier  —  ([A-Za-z]  ([A-Za-z]  |  digit)*)  |  ”  [“M\t.+#\n]*  ” 

number  —  digit  [0-9]* 

digit  —  [1-9] 

language  — -  Language1  identifier:  laugspec 

langspee  -  phonemespec  tonespec  [  associates  ]  [  definitions  ] 

[  rulespec  ] 

phonemespec  -  plionemelist  method  spec 

phoueinelist  -  Phonemes:  [  identifier,  identifier ,  identifier  ]  . 

method  -  SpecMethod:  CV  |  CV/Matrix  |  X/Matrix  |  CV/Tree  |  X/Tree  . 

spec  -  cvspec  |  cvmatrixspec  |  xmatrixspec  |  cvtreespee  |  xtreespec 


1  Note  that  capitalization  elites  not  matter  for  terminal  symbols. 
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cvspec  -  [  vowels  ]  [  consonants  ] 

cvmatrixspec  -  [  vowels  ]  [  consonants  ]  [  features  ] 

[  cvmatrixdefaults  ]  [  rvinatrixfullspecs  ] 

xmatrixspec  - -  [  features  ]  [  xmatrixdefanlts  ]  [  xinatrixfnllspecs  ] 

cvtreespec  -  [  vowels  ]  [  consonants  )  [  tree  )  [  cvtreedefaults  ] 

[  cvtreefullspecs  ] 

xtreespec  -  [  tree  ]  [  xtreedefaults  ]  [  xtreefullspecs  ] 

vowels  -  Vowels:  [  identifier ,  identifier,  ....  identifier  ]  . 

consonants  -  Consonants:  [  identifier,  identifier,  ....  identifier]  . 

features  -  Features:  [  identifier,  identifier,  ....  identifie  ]  . 

cvmatrixdefaults  — •  Defaults:  [  c vmatrixdefault ,  cvmatrixdefault , 

....  cvmatrixdefault  ]  . 

xmatrixdefanlts  —  Defaults:  [  xmatrixdefault ,  xmatrixdefault ,  .... 
xmatrixdefault  ]  . 

cvtreedefaults  -  Defaults:  [  cvtreedefault ,  cvtreedefanlt . 

cvtreedefault  ]  . 

xtreedefaults  -  Defaults:  [  xtreedefault ,  xtreedefault , 

xtreedefault  ]  . 

cvmatrixfullspecs  — -  FullSpecs :  [  cvmatrixdefault ,  cvmatrixdefault , 

....  cvmatrixdefault  ]  . 

xinatrixfnllspecs  -  FullSpecs  :  [  xmatrixdefault ,  xmatrixdefault . 

xmatrixdefault  ]  . 

cvtreefullspecs  -  FullSpecs:  [  cvtreedefault,  cvtreedefault,  .... 

cvtreedefault  ]  . 

xtreefullspecs  -  FullSpecs  :  [  xtreedefault ,  xtreedefault . 

xtreedefault  ]  . 

cvmatrixdefault  -  vowel  ->  matrix  |  consonant  ->  matrix  | 

xmatrixdefault 

xmatrixdefault  -  identifier  ->  matrix  |  matrix  ->  matrix  | 

identifier  ->  identifier  |  identifier  ->  identifier  matrix  | 
any  ->  matrix  |  any  ->  identifier 

cvtreedefault  -  vowel  ->  matrix  |  vowel  ->  segmentspec  | 

consonant  ->  matrix  |  consonant  ->  segmentspec  | 
xtreedefault 

xtreedefault  - -  identifier  ->  segmentspec  |  identifier  ->  identifier  | 

identifier  ->  identifier  matrix  |  any  ->  segmentspec  | 
any  ->  identifier  |  featureless  identifier  ->  segmentspec  | 
vowel  ->  segmentspec  |  consonant  ->  segmentspec  | 
matrix  ->  segmentspec  |  identifier  ->  matrix  | 
any  ->  matrix  |  matrix  ->  matrix 

matrix  -  [feature ,  feature ,  ...  feature] 


SI) 


seguientsper  -  segment {segspec}  |  segment { segspec  identifier}  j 

segment {segspec  seginentspec,  seginentspec .  seginentspec  } 

segment {segspec  identifier  :  seginentspec,  seginentspec , 
s«'gm<‘l»t spec  | 

segspec  -  identifier  j  matrix  |  feature  |  number  |  (segspec)  | 

{segspec,  SegSpeC,  ....  Segspec} 

tree  - — -  Tree  {node,  node,  ....  node} 

ikk1»>  -  {identifier }  |  {identifier  :  identifier}  | 

{identifier  :  identifier  :  featuredef,  featuredef,  ....  featuredef} 

featuredef  - -  [identifier] 

tonespec  -  [  ConnectTones  j  liiimtoiit's  maxspec  [  tonenames  ] 

[  tont'rt'ps  ] 

liumtones  - •  Numberof Tones  :  (  number  |  0  ) . 

maxspt'c  -  [  maxtvspec  ]  [  maxvtspec  ] 

maxtvspec  -  MaxTonesperVowel :  [  number  |  infinite  ]  . 

maxvtspec  -  MaxVowelsperTone :  ;  number  |  infinite  ]  . 

tonenames  -  ToneNames:  [  identifier ,  identifier,  identifier  ]  . 

tonereps  -  ToneRepresentations :  [  tonerep,  tonerep .  tonerep  ] 

tomtrep  - — •  identifier  :  identifier  /  segspet-  segspec  ...  segspec  | 
identifier  :  /  segspec 

associates  -  [  Associates:  [  assoc,  assoc,  assoc  ]  .  ] 

assoc  -  {  seginentspec ,  seginentspec  } 

definitions  -  Definitions:  [  definition,  definition,  ...,  definition  ]  . 

definition  -  Define  identifier  seginentspec  | 

Define  identifier  seginentspec 

rnlospec  — -  Rules:  [  rule,  rule ,  ...,  rule  ] 

rule  -  Rule  identifier  :  [  RtoL  ]  [  NoWordBounds  )  [  NoMorphBounds  ] 

[  tier  spec  ]  [  conspec  ]  [  effectspec  ] 

tierspee  -  Tiers:  [  tier,  tier,  ...,  tier  J. 

conspec  -  Connections:  [  connection,  connection,  ...,  connection  ]. 

effectspec  -  Effects:  [  effect,  effect,  ....  effect  ]. 

tier  -  identifier:  segspec  segspec  ...  segspec 

connection  -  segref  —  segref 

segref  segspec  \  segspec  [number]  |  segspec  [number  identifier] 

effect  segref  -Z-  segref  |  segref  :  segref  |  segref  J>  identifier  | 

segref  identifier  |  segref  ->  [  segref  ]  _  [  segref  ]  |  segref  ->  0 
segref  ->  segspec  |  segref  :  :->  segspec  /  [  s- -gref  ]  _  [  segref  ]  | 

0  ->  segspec  /  [  segref  ]  _  [  segref  ] 
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Appendix  B 


Examples  Incompletely  Specified 
in  the  Text 


lliis  appendix  list.-.,  without  explanation,  all  working  examples  incompletely  specified  in  the  text. 

B.l  Mende 

Specification  File: 


Language  Mende: 

Phonemes:  n,  a,  v,  m,  b,  o. 

SpecMethod:  CV. 

Vowels:  a,  o. 

Consonants:  n,  v,  m,  b. 

ConnectTones 
ToneLevels:  2. 

ToneReps:  "a"  :  a  /  2,  "a"  :  a  /  1,  "5"  :  a  /  1  2,  "6"  :  o  /  2,  "6"  : 
o  /  1,  "5"  :  o/12. 

Associates:  {segment'd} ,  segment{V}>,  {seg.aent{X> ,  segment{P». 

Rules : 

Rule  "Tone  Assimilation": 

NoMorphBounds 
Tiers : 

tonal:  2  1, 

skeletal:  V  CO  V. 

Connections : 

V[l]  —  2, 

V  [2]  —  1. 

Effects : 

V [2]  :  :  2, 

V [2]  -Z-  1. 


s:j 


Rule  "Rising  to  Low": 

NoMorphBounds 

Tiers : 

tonal:  1  2, 

skeletal:  V  CO  V. 

Connections : 

V[l]  —  1, 

V[l]  —  2, 

V  [2]  —  2. 

Effects : 

V[l]  -Z-  2. 

Sample  Inputs  ami  Outputs: 

Input  Output 

iiiivo+m.i  navo+ma 
mlia+ma  mlw+tmi 

B.2  Tagalog 

Specification  File: 

Language  Tagalog: 

Phonemes:  p,  i,  1,  n,  t,  a,  h,  k,  u,  m,  N,  "t)",  RE. 

SpecMethod:  CV/Tree. 

Vowels:  a,  i,  u. 

Consonants:  h,  k,  1,  m,  n,  "ij",  N,  p,  t,  RE. 

Tree  { 

{vroot  :  skeletal}, 

{croot  :  skeletal}, 

{stricture  :  croot  :  Clat] } , 

{supralaryngeall  :  croot}, 

{supralaryngeal2  :  vroot}, 

{softpalate  :  supralaryngeall  :  [nasal]}, 

{placel  :  supralaryngeall}, 

{place2  :  supralaryngeal2} , 

{labiall  :  placel}, 

{labial2  :  place2}, 

{coronal  :  placel}, 

{dorsal2  :  place2  :  [high],  [back]}, 

{dorsall  :  placel} 

> 

Defaults : 

vowel  ->  segment  {vroot  :  segment{supralaryngeal2  : 
segment{place2}» , 

consonant  ->  segment  {croot  :  segment{stricture  :  segment{-lat}} , 

segment{supralaryngeall>> , 

M 


vowel  ->  segment {place2  :  segment{labial2> , 
segment{dorsal2  : segment{-high} , 
segment{+back)-}}- , 

1  ->  Ohigh,  -back]  , 
u  ->  [+high] , 

t  ->  segment{supralaryngeall  :  segment {placel  :  segment{coronal}} , 
segment{sof tpalate  :  segment{-nasal>>} , 

1  ->  t  [+lat] , 
n  ->  t  [+nasal] , 

RE  ->  segment {supralaryngeall  :  segment{sof tpalate  :  segment{+nasal}}} , 
RE  ->  [+lat] , 

*/,  just  to  distinguish  it  from  h.  .  . 

k  ->  segment{supralaryngeall  :  segment-Cplacel  :  segment{dorsall}} , 
segment{sof tpalate  :  segment{-nasal>>> , 

"ij"  ->  k  [+nasal]  , 

p  ->  segment{supralaryngeall  :  segment{placel  :  segment{labiall}} , 
segment{sof tpalate  :  segment {-nasal}}} , 
m  ->  p  [+nasal] , 

N  ->  RE  [-lat] . 

ToneLevels:  0. 

Rules : 

Rule  "Reduplication": 

Tiers : 

lat :  +lat , 
nasal:  +nasal, 

vroot:  vroot, 

skeletal:  C  "]m"  "m["  C  V  CO, 

croot :  croot . 

Connections : 

C[l]  —  +nasal, 

C[l]  —  +lat, 

C  [2]  —  croot , 

V  —  vroot . 

Effects: 

"]m"  ->  0, 

"m["  ->  0, 

c Cl]  ->  o, 

croot  : : ->  C  /  V  _ , 
vroot  ::->  V  /  _  CO. 

Rule  "Coalescence" : 

Tiers: 

nasal :+nasal  "]m"  "m[", 
placel:  "]m"  "m["  placel, 


skeletal:  (C)  "]m"  "*["  C, 

croot : croot  "]m"  "mC"  croot . 
Connections : 

C  Cl]  —  +nasal, 

CClD  —  croot  [l]  , 

C[2]  —  placet, 

C[2]  —  croot  [2]  . 

Effects : 

"]m“ [1,  skeletal]  ->  0, 

"m["[l,  skeletal]  ->  0, 

C[2]  : :  +nasal, 

C [ 1]  -Z-  +nasal, 

C Cl]  ->  0. 


Rule  "Infixation": 
Tiers : 


back : 

-back 

"]m" 

"m[" , 

high: 

thigh 

"]m" 

"m[" , 

nasal : 

tnasal 

"]m" 

"m[" , 

vroot : 

vroot 

"]m" 

"m["  vroot 

skeletal : 

V 

C 

"]m" 

"m["  C  V, 

croot : 

croot 

"]«•■ 

"mC"  croot. 

Connections : 

-back  —  V[l]  , 

+high  —  V[l] , 
vroot [l]  —  V[l]  , 
croot  [1]  —  C  [l]  , 

+nasal  —  C[l], 
croot [2]  —  C[2]  , 
vroot [2]  —  V[ 2]. 

Effects : 

0  ->  i  /  vroot [2] 

0  ->  n  /  croot  [2] 
n  : :->  C  /  C [2] 
i  : V  /  C [2] 

"]ra"[l,  skeletal]  ->  0, 
"m["[l,  skeletal]  ->  0, 
V[l]  ->  0, 

C [1]  ->  0. 

Sample  Inputs: 


pili 

'/,  ’choose1 

REtpili 

maNtpili 

raaN+RE+pili 

intpili 

tahi 
'/.  ’take’ 

REttahi 

maN+tahi 

raaN+REttahi 

inttahi 

kuha 

RE+kuha 

maN+kuha 

maNtREtkuha 

intkuha 

'/,  ’sew’ 

Corresponding  Outputs: 


in+RE+pili 


in+RE+tahi 


in+RE+kuha 


pili  pipili  mamili  mamimili  pinili  pinipili 


tahi  tatahi  manahi  mananahi  tinahi  tmatahi 
kuha  kukuha  maijuha  maijuiiuha  kmuha  kinukuha 


B.3  Turkish 


Language  Turkish: 

Phonemes:  A,  I,  a,  e,  i,  o,  u,  "ii",  "o",  "1",  p,  b,  m,  f,  v,  t,  d,  s,  z 
1,  r,  "$" ,  c,  "§",  j,  y,  k,  g,  h. 

SpecMethod:  CV/Tree. 

Vowels:  A,  I,  a,  e,  i,  o,  u,  "u" ,  "6",  "1". 

Consonants:  p,  b,  m,  f,  v,  t,  d,  s,  z,  n,  1,  r,  "g",  c,  "§",  j,  y,  k,  g 
Tree  { 

{root  :  skeletal}, 

{stricture  :  root  :  [cont] ,  [lat] ,  [son],  [stri]}, 

{laryngeal  :  root  :  [voice]}, 

{supralaryngeal  :  root}, 

{softpalate  :  supralaryngeal  :  [nasal]}, 

{place  :  supralaryngeal}, 

{labial  :  place  :  [round]}, 

{coronal  :  place  :  [ant]}, 

{dorsal  :  place  :  [high],  [back]} 


Defaults : 

any  ->  segment{root  :  segment{stricture  :  segment{+son} , 

segment{+cont} , 
segment{-stri} , 
segment{-lat}} , 

segment{laryngeal  :  segment{voice}} , 
segment{supralaryngeal  : 

segment{sof tpalate  :  segment{-nasal}} 
segment{place}}} , 

vowel  ->  segment{place  :  segment{labial  :  segment{-round}} , 

segment{coronal  :  segment{-ant}} , 
segment{dorsal  :  segment{-back} , 
segment{-high}}} , 


a  ->  [+back] , 

A  ->  [back] , 

I  ->  [thigh,  back,  round] , 
i  ->  [thigh] , 

"6"  ->  [tround] , 
o  ->  a  [tround] , 

"ii"  ->  i  [tround]  , 

"l"  ->  i  [tback] , 
u  ->  "ii"  [tback]  , 


consonant  ->  [-son,  -cont,  -voice], 


p  ->  segment {place  :  segment { labial }) , 
f  ->  p  [+cont] , 
m  ->  p  C+nasal,  +son] , 
b  ->  p  Ovoice]  , 
v  ->  b  [+cont] , 

t  ->  segment{place  :  segment { c or onal  :  segment{+ant 
d  ->  t  [+voice]  , 

"5"  ->  t  [-ant,  +stri]  , 
c  ->  d  [-ant ,  +stri]  , 
n  ->  t  [+nasal,  +son] , 
z  ->  d  [+cont] , 
s  ->  t  [+cont] , 

"§"  ->  s  [-ant] , 

1  ->  d  [+lat,  +son,  +cont] , 
r  ->  d  [+son,  +cont]  , 

y  ->  i, 

k  ->  segment {place  :  segment {dorsal j } , 
g  ->  k  [+voice]  , 

[+son]  ->  [+voice]  , 

[-voice,  +cont]  ->  [+stri] . 

ToneLevels:  0. 

Rules : 

Rule  "Iyor  Deletion": 

Tiers : 

root:  A  "]m"  "m["  Iyor, 
skeletal:  V  "]m"  "m["  V  C  V  C. 

Connections : 

A  [1]  —  V[l], 

I  [2]  —  V[2]  , 
y [3]  —  c[i] , 
o  [4]  —  V  [3]  , 
r  [5]  —  C  [2]  . 

Effects : 

A [l]  ->  0, 

V[l]  ->  0. 

Rule  "High  Vowel  Deletion": 

Tiers : 

high:  "]m"  "m["+high, 

skeletal:  V  "]m"  "m["  V. 

Connections : 

V[2]  —  +high. 

Effects : 

V[2]  ->  0. 

Rule  "Back  spreading" : 

NoMorphBounds 
Tiers : 


back:  aback  back, 
skeletal:  V  CO  V. 

Connections : 

V[l]  —  aback [1] , 

V  [2]  —  back [2]. 

Effects : 

V[2]  ::  abackCl] . 

Rule  "Round  spreading": 

NoMorphBounds 

Tiers : 

round :  around  round , 

high:  +high, 

skeletal:  V  CO  V. 

Connections : 

V[l]  —  around [1] , 

V  [2]  —  round  [2]  , 

V [2]  —  +high . 

Effects  : 

V[2]  : :  around. 

Rule  "Morpheme  Deletion  1": 
Tiers : 

skeletal:  "]m". 

Effects : 

"]m"  ->  0. 

Rule  "Morpheme  Deletion  2": 
Tiers : 

skeletal:  "m[". 

Effects : 

"m["  ->  0. 

Sample  Inputs: 


V.  Sing. 

Plural . 

Genetive  lpsg. 

Genetive  lppl- 

/•  *  - 

di§ . 

. . di§+lAr . 

. di§+Im . 

. . di§+lAr+Im 

'/,  ’tooth’ 

’teeth’ 

’my  tooth’ 

’my  teeth’ 

ev . 

.  .  ev+lAr . 

. ev+Im . 

. . ev+lAr+Im 

'/,  ’house’ 

’houses ’ 

’my  house’ 

’houses  ’ 

gun . 

. .gun+lAr . 

. giin+Im . 

. . gun+lAr+Im 

'/.  ’day’ 

’days ’ 

’my  day’ 

’my  days’ 

goz . 

.  . .goz+lAr . 

. goz+Im . 

. .goz+lAr+Im 

'/.  ’eye’ 

’ eyes ’ 

’my  eye’ 

’my  eyes’ 

ba§ . 

.  . . ba§+lAr . 

. ba§+Im . 

. ,ba§+lAr+Im 

’/.  ’head’ 

’heads ’ 

’my  head’ 

’my  heads’ 

kxz . 

. . kiz+lAr . 

. kiz+Im . 

. . . kiz+lAr+Im 

V.  ’girl’ 

’girls’ 

’my  girl’ 

’my  girls’ 

kol . 

. .kol+lAr . 

. . . kol+lAr+Im 

'/.  ’  arm  ’ 

’ arms  ’ 

’my  arm’ 

’ my  arms ’ 

mum . 

.  .mum+lAr . 

. mum+Im . 

. . . mum+lAr+Im 

'/.  ’candle’ 

’ candles  ’ 

’my  candle’ 

’my  candles’ 

masa+Im 
ilag+lA+Iyor 
( 'orrespomling  Out  puts: 


di§ 

di§ler 

di§im 

di§lerim 

ev 

evler 

evim 

evlerim 

gun 

gunl er 
giinum 
giinlerim 
goz 

gozler 

goziim 

gozlerim 

ba§ 

ba§lar 

ba§im 

ba§lanm 

kxz 

kxzlar 

kizim 

kizlarim 

k'-l 

kollar 

kolum 

kollar lm 

mum 

mumlar 

mumum 

mumlar lm 

masam 

ilagliyor 
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Appendix  C 

Selected  Code 


I lie  following  represents  the  subset  of  AMAH  roili-  iiii»i  dearly  implementing  autosegmeutal  phon< 
ogy.  All  procedures  explicitly  referred  to  in  the  test  may  he  found  here. 


C.l  Objects 

/*  TOMJS. H  * / 

•ifndef  ..tones 
•define  ..tones  1 
•include  <fstream.h> 

•include  <libc.h> 

•include  "strings .h“ 

•include "Pix  .h" 

•include  <stdio.h> 

•define  TRI  E  ( 1 ) 

•define  FALSE  (It) 

•define  STF.  St rTahleEnt ry 

class  Rule: 
class  Tier: 
class  ( "hart: 
class  Word  Bound  ary: 
class  Segment  Set: 
class  FeatureMatrix: 
class  X: 
class  SegList; 
class  Rule  List: 
class  CSMap: 

class  ( "onnectableSegment : 
class  Segment: 
extern  class  StrTableEntry: 
extern  class  StrStack: 
extern  class  Map: 

extern  void  make.tier(cliar*): 

extern  StrTableEntry*  create_topniost_classnode(StrTableEiitry* ): 

extern  StrTableEntry*  create_empty_classnode( StrTableEntry*.  Str  LableEntry* ): 

extern  STE*  rreate_filled_classnode(STF*.  S  EE*.  STE*): 

extern  void  enter.free .associates) S  EE*.  STF!*): 

extern  void  remove,  free  .associates!  ST  FT.  ST  FT): 


!)1 


extern  void  create_rnlc!  STK* ): 
extern  void  sort -tit  r>t ): 
extern  void  make-inle-ticrl  S  I  K*|: 
extern  void  enter_seg-in_tierl  ST  K* ): 
extern  main! int.  char**): 
extern  void  diet  k-sandlii(  ): 

ext<*ru  void  iiiavbe-add-tonaLand-phunemit  .tiers!  ): 
extern  void  enter. tonc_re |>(  S  1  K*.  STK*.  SI  K*): 
extern  Sir  lableKntry*  next_vowel(  Pix.V  |; 
extern  Sir  lableKntry*  next  .consonant  I  Pix.V  ): 
extern  void  xify  .phonemes) ): 

extern  void  till-enipty-classnode(Str  lablel  nlry*.  Si  r  I  ableKnt  ry*  I: 

extern  void  enter_seg Jii-tier|Sl rTablcKnt  r>  * ): 

extern  void  break-connection!  STK*.  STK*): 

extern  Segment  *  fewest  -inferiors)  Segl.ist  *  (: 

extern  int  apply!  Rule.V.  (liarf.V): 

extern  int  ste_inatclies(STK*.  X*): 

extern  void  error! const  char*  si.  const  char* 

extern  ( 'onnectableSegment*  convert  (SegList*.  Pix): 

extern  Pix  iii-map(Segment*.  Map*.  int  int.V): 

extern  void  spread_riglit(StrTableKntry*  segref.  Sir  lableKntry*  tr|: 

extern  void  spread-left  (St rTablcKnt  ry*  segref.  Sir  l  ableKntry*  t r ) : 

extern  void  duplicate. connect ions( Segment*.  Segment*.  Segment*.  Segment*): 

int  wordentf: 
int  ittorpliend: 
int  demo: 
int  ks: 

class  Rule  { 

Tier  **original.  **replacement : 
int  mini-tiers: 
iut  no-worcldivs; 
int  no.morplidivs: 
int  rtol: 

void  init()  {  name  =  0:  no-niorphdivs=iio_worddivs=is_sandlii=rtol  —  FAI.SI 
int  sz: 
public: 

Rnle( int  size): 

~Rnle|  )  {  free!  (char  *  (original):  free!  (char  *  (replacement ):  ( 
inline  void  operator  delete!  void*  vd): 
inline  void*  operator  newfsize.t ): 

char*  name: 
int  is-sandhi: 

inline  void  set _name| char*  inn): 

void  set-iio_worddivs( )  {  no.worddivs  =  TRI  K:  is-sandlii  =  I  RI  K:  ) 

void  set_no-inorplidivs( )  {  no-inorplidivs  =  TRI  K:  } 

void  set.rtol!  )  {  rtol  =  TRI  K.  } 

int  sandhi!  )■ 

int  rtoLsandliil ): 

void  application! ( 'liart.V,  Pix*.  int.*); 

int  adjust  -connect  ions((  'onnectableSegment  *.  <  'onnectableSegment  *. 

Map*.  Pix,  Cliart.k'.  int.  int*); 

Pix  match!  Tier.V.  Tier**,  int.  int): 

int  unconnected! iut): 

void  connect  .map!  Map*  map): 
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void  fiml.i  loses!  _usa!>lt  _rulc_st  mm  nil  int ): 

Void  sort-tiers)  ); 

friend  i lit  apply!  Rtilc.V  nil*  .  t'hart.k  chart): 

friend  void  crcalt  -rule! S  I  K*  ): 

friend  void  sorl.ticrs|  ): 

frit  ml  void  inake_rulc_iit  r|  S  1  I.*): 

friend  void  enler.sej>_in-tierl  S  1  K*): 

frit-ii if  voitl  break-connection!  St r  I ahleKnt  rv*.  St  r  I  abh  Knt  t  \  *  I: 
fricml  void  spread_ri.nhM Sir  I ableh'ntrv *  x  srcl.  Sn  I  ableK.nl  rv  *  til: 
fricml  void  spread  JcftlSt  r  1  a  I  >  I »  Kntry*  set-rel.  Sir  1  alileKnt  r>  *  lr): 

void  iiiake.coniiection(S  TL*.  SI  K* ): 

void  joinlSTK*.  STK*): 

void  met  at  liesi/e(  S  IK*.  S  IK*.  S  IK*). 

void  inetathesi/e. alter! S  I  K*.  STK*): 

void  met  atliesize.helore!  S  1  K  + .  STK*|: 

void  replace(STK*.  STK*i: 

void  tlel(S  I  K* ); 

void  insert. joined. before! SI  K*.  STK*.  STK*I: 
void  insert .joined.after! S  I  K*.  STK*.  STK*): 
void  insert. l>efore(S  KK*.  ST  K«): 
void  inserl.altervSTK*.  STK*); 


void  print  (iut): 


class  RuleLink  { 

friend  class  Hide  List: 
private; 

Hide*  rule: 

KuieLink*  pre; 

RuleLink*  sue; 

KuieLink!  Rilled  r)  {  rule  =  new  Rule(r):  } 

~RuleLink()  {  if  (sue)  sue —  protect! );  delete  sue;  }  //  delete  links  rcsively 

void  protect!)  {  rule  =  Nl  1,1.;  } 
inline  void  operator  delete!  void*  vtl ); 
inline  void*  operator  new(size.t ): 

}: 


class  RuleList  { 
RuleLink*  head: 
RuleLink*  tail: 
int  sz: 


void  init!)  {  sz  —  0:  head  =  0;  tail  =  II:} 
public: 

RuleList!  )  {  init(  ):  } 

RuleList  (const  RuleListik- ); 

~H  tile  List  |  )  {  if  (head)  head — -protect!):  delete  head:  } 

void  operator  delete!  void*  vtl)  {  ::frec(  (cliar  *  )vd  ):  } 
inline  void*  operator  new|size_l(: 

RuleList.V  operator=  (const  RnleList.k  ): 


Pix  tir>l()  roust  {  return  iPixlllu.nl):  [ 

void  nrxl(  Pix.k  pi  roust  {  p  =  ip  ==  u'i  11  :  i  Pix  t(  i  i  Rnl<  Link  ♦  ipi — mh  i  ) 

void  prev(Pix.k  p)  const  {  p  =  1 p  ==  1 1 >  '  n  l  Pix )| ( i  Rnh  l  ink  *ipi  — pi*  1  } 

Rnle.k  upcrator[](  const  Pix  pi  const  {  return  *ll  Rnhl  ink  ♦  ip) —  rol«  :  j 

iut  hngtlil )  const,  j  return  sz:  ) 
iut  empty!  )  const  j  return  (In  ad  ==  n ) :  | 

Vt»itl  prepend!  R nli-.k  |: 
voi<l  append!  Rule.V ): 
void  dell  Pix.k  ): 

Pix  ins.betorc!  Pix.  Rnle.k): 

Pix  ins.allerl  Pix.  Rnle.k): 


//  Map  for  dealing  with  Irerlv  Associating  Segments 

// 


class  ( 'S.Map: 

class  (  S Link  { 

friend  class  ('S.Map: 
private: 

( 'on licet ableSegment  *  key: 

( 'outlet  'tableSegment*  value: 

( 'S  Link*  pre: 

( 'SI. ink*  sue: 

( ’SLink(( 'oiinectableSegment*  k.  ('oiinectableSegment*  v)  {  key  =  k:  value  =  v:  ) 

~CSLink()  {  delete  sue:  |  //  delete  all  links  recursively 

void  operator  delete)  void*  vd)  (  ::free|  (char  *  )vd  I;  } 

void  protect!)  {  key  =  N’l'LL:  value  =  MI'LL:  } 

inline  void*  operator  new( size.t  ): 

}: 


class  ( 'SMap  { 
CSLink*  head: 
CSIdnk*  tail: 
iut  sz: 


void  init(  )  {  sz  =  I):  head  =  II:  tail  =  (I:  } 
public: 

( 'S.Map! )  {  iuit ( ):  } 

CSMapIronst  CSMap.k): 

~CSMap()  {  delete  head:  }  //  delete  all  links  recursively 
void  operator  delete! void*  vd)  {  ::free( (char  * )vd ):  } 
inline  void*  operator  tie\v|. size.t ): 

CSMapfc  operator=  (const  CSMapA  ); 

void  (  lilt  r(<  'onnectablcSeginent*  k.  ( 'oiinectableSegment  *  v): 
void  remove!  ( 'oiinectableSegment*  k.  ('oiinectableSegment*  v): 
void  enter.auxff 'oimeelableSegmetit  *  k.  ( 'onneetahleSegim  ill  *  v); 
void  remove_anx(( ’onnectableSegmeiit*  k.  ( 'onnertablt  Segment  *  v): 
Segment  Set*  associates)  ( 'onnectableSegmeiit  *  k  ): 
iut  freely. assor (Segment*  k.  Segment*  v ): 

iut  size) )  const  {  return  sz:  j 

}■ 
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/  +******♦**+/ 

/*  LiiiI  Map  * / 

/**♦***♦***+/ 
class  Cliart  { 

Tier  +  *tier:  //  Initially  mill,  then  an  array  uf  tiers, 
int  niim.ticrs: 

Ruleldst  rules: 

(  'SMap  free.associates: 

( 'onnectableSegment  *tree: 
int  s/ 1 

inline  void  iuit| ): 
public : 

Chart (  )  {  iiiili ):  } 

~(  'hart  ( )  {  } 

void  operator  delete!  void*  v<l)  {  ::  freed  char  *|vd):  } 
inline  void*  operator  newlsize.t ): 

int  iiiax.tones.per.  vowel: 
int  max.vowels.per-toiie: 
int  sandhi-rules.exist: 
int  rtol.sandhi.rnles.exist : 
int  ninn-tones: 
int  no.connect: 
char*  name: 

inline  void  set  .name)  char*  inn): 

void  apply,  assoc.con  vent  ion  (  Pix.  Tier.V:.  Tieri  ): 

void  assoc.convention(int*  tier  Judex,  int  mini. tiers); 

Tieri-  operator[](const  int  i)  const  {  return  *tier[i]:  J 
int  empty! ): 

'Fieri.-  skeletal!)  {  return  *tier[0]:  } 

void  add_tier(Tieri-  tier): 

void  add_skeletal_seg((  'onnectableSegment  * ): 

void  read.wordfist.reami".  StrStack*): 

void  print. and.delete.word( ); 

void  print .and.delete.phrase! ): 

void  main_loop( istreanii:): 

( 'oniiect ahle.Segment *  tierJii.tree(Tieri  ): 

inline  int  freely  .associate!  Segment*  si.  Segment*  s_>); 
int  is_tier_su  period  Fieri  .  Fieri- ): 

int  is.sitperior! (.'onnectableSegment*.  ( 'onnectableSegment*): 
friend  int  apply!  Rulei  rule.  Charti  chart): 

friend  St  r  I  able  Entry*  create.!  opmost.classnode!  St  r  Table  Entry*) 

friend  STE*  create_empty.clas.snode(STE*.  STE*): 

friend  STE*  create.filled_classnode(STE*.  STE*.  STE*): 

friend  void  enter_free_associates(STE*.  STE*): 

friend  void  remove_free_associates(STE*.  STE*): 

friend  main  (int.  char**): 

friend  int  ste.matches(STE*.  X*): 

friend  void  check.sandhi! ): 

friend  void  mavbe_add.tonal_and_phonemic_tiers( ): 
friend  void  enter.tone.rep! SEE*.  STE*.  STE*): 

}■ 


<la»  St-j*  nifni  { 

static  iut  class-unique-uum: 
int  id-iium: 

void  i ii it <  )  {  lyp  =  S:  iiLimin  =  class.miiqu<'-iium+-f :  tier  =  It:  modified  =  0:  } 
public: 

*>iiuiu  {  S=0.  ( *S“ I .  SS=_\  XX=i.  \Vt=l.  \\  H=‘>.  M B=(>.  MK=T.  FM=s.  C=*i.  \=|(i. 

t;  i=ii.  tx=i.».  <;i*=i.$.  i»=i i.  n»=r..  vu=i<>.  x«=it.  cx=is.  f=i;»  )  *yi»; 

Tier  *t icr. 
iut  modified: 

Segment!  )  (  itiitl  1:  } 

Segment | Segment  *  seg)  {  initl):  tier  =  seg — tier:  j 
virt  ual  ~ Segment  1 1  (  } 

inline  void  operator  delete) void*  vd(: 
inline  void*  operator  new(size.t): 

//  Equality  Tests: 

virtual  Pix  matches!  Fix.  TierX .  Tier**.  int)  {  return  ( Pix J(- 1 ):  } 
int  operator==(Segmenti.'  segment)  {  return  (segment. id. mint  ==  uLnum);  J 
int  operator^! Segment ic  segment)  {  return  (segment .id.ntim  ^  id-mint):  } 
virtual  int  is_zero( )  {  return  FALSE;  }  //  Is  a  (To  type  tiling, 
virtual  Pix  zeromatches(  Pix.  'Fieri-,  Tieri  )  {  abort) );  return  NELL:  } 

int  is.in_tier(Tieri  ): 

int  is.actually-in-tier( 'Fieri' ): 

//  Connection  related 

virtual  int  is.connectable( )  {  return  FALSE:  } 
virtual  iut  inert ( )  {  return  TREE:  } 

virtual  int  connects.directly.to.tier( Tier ir)  {  return  FALSE!:  } 

virtual  int  connects-directly-to(Segment* )  {  return  FALSE;  } 

virtual  int  connects-to-tier(TierA- )  {  return  FALSE:  } 

virtual  int  unconnected! int*.  int)  {  return  TREE:  } 

virtual  voiddetach()  {  } 

virtual  void  safe_detach( )  {  } 

int  conuect(Segnient*)  {  abort():  } 

//  Spreading: 

virtual  int  spreads!)  {  return  FALSE:  } 

//  Copying: 

virtual  Segment*  copy!)  {  return  (new  Segment! this)):  } 
virtual  Segment*  surface-copy  ( )  {  return  (new  Segment  I  this)):  } 
virtual  void  csub( Segment*  seg)  {  seg — tier  =  tier:  } 
void  make.identicaLtol Segment*  seg)  {  id.uum  =  seg — id.nuiii:  } 

friend  void  enter-seg_in_tier(StrTal>leEntry*): 
friend  main(iilt.  char**): 

virtual  void  print  (int  pos  =  0)  {  } 
void  print-id) )  {  cerr  •<  id-itum:  } 
virtual  void  print _aux( int  pos  =  0)  {  } 

virtual  int  typ<--eq( Segment*)  {  return  FALSE:  } 
virtual  int  eqv(  Segment  *  )  {  return  FALSE:  ) 
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iut  is.n.inorphemeboundary!  )  (  roturii  (typ  ==  Ml!  ||  •  \  |>  ==  NIK):  J 

int  is.a.wordboundaryl  )  {  return  (typ  ==  M  il  ||  typ  ==  \VE|:  ) 

iut  is.a.bonndary!  I  {  returnlis.a.wordboundary!  )||is.a_morphenieboiindaiy(  I):  } 

iut  is.cmlf )  {  return  (typ  ==  ME  ||  typ  ==  U  K):  } 

int  is.begiu!  |  {  return  (tvp  ==  MB  ||  tvp  ==  \VH|:  } 

1: 

class  CouneclableSegmeiil  :  public  Segment  { 
t  'onnectableSegmenl  *  ♦inferior: 
int  infsz:  //  Size  of  ♦♦interior  -  starts  out  as  live, 
int  Hum-inferiors: 

( 'onnectableSegmenl  ♦♦superior: 

int  supsz:  //  Size  of  ♦♦superior  -  starts  out  as  I. 

int  ntitti-superiors: 

int  spreads. left ; 

int  spreads.right; 

int  *iuferior_to_spread.along:  //  first  el  is  the  number  of  items, 
int  ♦superior. to_spread_aloiif>:  //  hrst  el  is  the  number  of  items, 
inline  void  initlint  inf.  int  sup): 
public: 

( ’onnectableSegment( )  {  init (5.1 ):  } 

( ’onnectableSegiiientl const  ConnectableSegnientiC  cs)  J 
init (cs.infsz,  cs.supsz): 
numJnferiors  =  cs.nutn  .inferiors; 
nunt.superiors  =  cs.num.superiors: 

} 

inline  virtual  ~ConnectableSegmenl( ): 

int  is.exact:  //  Only  applies  to  segments  in  rules  —  if  true,  t  he  segment 
//  needs  to  be  matched  exactly. 

int  is. inert:  //If  true,  the  segment  is  ignored  bv  the  Association  Conv. 
iut  inert ( )  {  return  isJnert  :  } 

//  Equality  Tests: 

Pix  matches!  Pix.  Tier  A:.  Tier**.  int): 

int  eq(  ConnectableSegment*.  Tier**.  int): 

iut  eq( Segment*.  Tier**,  int)  {  return  FALSE:  } 

int  equal! ConnectableSegment*.  Tier**,  int): 

int  delete_hest.match(SegList*,  Tier**,  int): 

virtual  int  t,vpe_eq( Segment*  s): 

virtual  int  eov(Segment*  s): 

//  Copying 

void  copy_au.\(  ConnectableSegment*.  Map*,  int.  iut*.  ChartAc.  Tier**): 

virtual  Segment*  copy!): 

virtual  Segment*  surface-copy! ): 

void  copy _sub( ConnectableSegment*  seg): 

void  csul>( Segment*  seg): 

/ /  Relate  to  connections: 

SegList  *  topmost  ..superiors)  )■' 

int  is.connect able) )  {  return  TREE:  } 

int  coiinects.direct  Iv.to.t  ier(Tier»C ): 

iut  connects.to_tier(Tier»C ): 

int  u  neon  nected!  Tier**,  int ): 

int  connect(ConnectableSegment*  cs): 

void  disconnect!  ConnectableSegment*  cs):  //if  seg  A-  cs  are  def.  connected, 
void  safe.detach( ):  //  use  to  completely  dCvonnect  a  seg.  but  leave  Usable, 
void  detach():  //  use  before  destroying  a  segment. 
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void  delett-.lully)  Map*,  iut.  ( 'liarl.V.  int*): 

void  break-connection)  ( 'onuectableSegment* ):  //  call  llii*  oik 

Sen  List  *eonneets.to(  ( 'onnt  i  tableSegmt'nl  +  ):  //  Note  -  test>  by  et|t 

illt  coiiiiecls-directly  _to| Segment *  seg): 

int  not  .too.many  .vowels) ): 

int  uot.too.many  .tones) ): 

friend  void 

it  tile::  adjust  .conned  ion-.)  ( 'on  net  t  ableSegiuent  * .  (  on  tied  a  bit  Sennit  nl  *. 

Map*.  Pix.  CliartA.-.  int.  int*): 

void  no-diiplicate_features(( ‘onnectableSegineiit*.  Map*,  int.  ('Iiarl.k  .  int*): 
frientl  void  Tier::inetatliesi/e(  PixAc.  Pix.  Pix .  iut.  Tier**.  Map*): 

Sep,  List  *  inferiors)): 

SegList*  superiors)): 

SegList*  direct  .superiors) ). 
void  sort) ): 

Tier  **tiers_in(intV  ntim.tiers): 

Tier  **add.tiers(Tier**  tlist.  intAc  num.tiers.  intAc  sz): 

//  Relates  to  spreading: 

int  spreads) )  {  return  (spreads.left  ||  spreads.right ):  } 
void  spread)  Pix,  Tier  A:.  (hart  Ac  ): 

friend  void  ( ‘hart  ::apply_assoc_conventioN(  Fix.  Tier  A.-.  TierAc): 
friend  Segment*  fewest  Jnferiors)  SegList  * ): 

//  Parsing  friends! 

friend  StrTableEntry*  next  .vowel)  Pix k ): 
friend  StrTableEntry*  next. consonant (PixA:): 

friend  void  fill.empty.classnode)  StrTableEntry*.  StrTableEntry*): 

frientl  void  break. connection) St rTableEn t ry*.  StrTableEntry*): 

friend  void  Rule::replace(StrTableEntry*.  StrTableEntry*): 

frientl  void  enter.tone.rep) STE*.  STE*.  STE*): 

frientl  void  Chart::read.word(istreamAc  infile.  StrStack*): 

frientl  int  ste.inatcliesfSTE*.  X*); 

frientl  void  Rule: '.connect _map(  Map*  map): 

friend  void  dupli<:ate.connections(Segineiil*.  Segment*.  Segment*.  Segment*) 
friend  void  xify. phonemes) ): 

int  makejspreadlTier* ): 
void  set  .right  .spread) ): 
void  set  Jeft  .spread) ): 

virt  ual  void  print  (int  pos  =  0)  {  }: 
void  print.aux(int): 

}: 

class  SegList: 

class  SegLink  { 

friend  class  SegList : 
private: 

Segment*  seg: 

SegLink*  pre: 

SegLink*  sue: 


SegLink!  Segment*  s)  {  seg  =  s:  } 

— St'^l.inkl  )  {  if  I  sue)  mu' — protect!):  delete  sue:  j  //  delete  ii  11  rcsivelv 

void  |HoUii()  j  m‘s  =  N I'Ll.:  | 
inline  void  operator  delete! void  *vd): 
inline  void*  operator  newjsize.t): 

}: 

class  Segl.ist  { 

SegLink*  head: 

SegLink*  tail: 
int  sz; 

void  init ( )  j  sz  =  I):  head  =  tt:  tail  =  tt: } 
public: 

SegList( )  {  init ( I;  } 

~SegList()  {  if  (head)  head  —  protect!):  delete  head:  } 

Seg List  (const  '■iegLisUk: ): 

Seg  List  A;  operator=  (const  SegListA.): 

void  operator  delete!  void*  vd  )  (  ::free( (char  *)vd):  } 
inline  void*  operator  ne\v(size_t ): 

Pix  first ( )  const  {  return  (  Pixl(head):  } 

Pix  last!)  const  {  return  (Pix ((tail):  } 

void  next(Pixik-  p)  const  {  p  =  ( p  ==  0)  ?  0  :  ( Pix )( ( ( SegLink  *)p|— sue):  } 
void  prev( PixT  p)  const  {  p  =  ( p  ==  II)  ?  0  :  ( Pix )((( SegLink  * )p) — pre):  } 
inline  Segment*  operator[](const  Pix  p)  const: 

void  insert-at (const  Pix  p.  Segment*  seg)  {  ((SegLink  *)p) — seg  =  seg;  } 
int  length!)  const  {  return  sz:  } 
int  emptv()  const  {  return  (head  ==  (I):  } 
void  prepend(Segment*): 

Pix  append! Segment*): 
void  joitt(  Seg  List*  si); 
void  del(  PixAz ): 

Pix  ins.before!  Pix.  Segment*); 

Pix  ins.after(  Pix,  Segment*): 

class  Tier  { 

SegList  segments; 

static  int  class.unique.num: 

int  id.num: 

void  init ( )  {  name  =  NULL:  current  =  Nl'LL:  id_num  =  class-uni(|ite_nnm++:  } 
public: 

Tier! )  {  init  ( );  } 

Tierfcliar*  tint)  {  init ( ) :  set_name( nm ):  } 

Tier(const  TierA:  t): 

~Tier()  {  } 

void  operator  delete! void*  vd)  {  ::free((char  *)vd):  } 
inline  void*  operator  new(size-t): 

char*  name: 

Pix  current: 

inline  void  set_name(char*  nm): 

void  make_identicaLto(Tier  *tr)  {  id.mim  =  tr — kLnum:  } 


[  ieri.  operator^  (roust  !  ieri  l)  {  segment:-  =  I  segment.-:  return  *this:  j 

illt  operator==(eonst  Fieri'  t it-r  I  const  (  return  ( tier . itl _n  11  m  ==  iiLuiiin  ):  } 
hit  operator#) const  Fieri.  tier l  const  {  return  ( t leinLiumi  ^  uLimml:  } 
illt  namc.ci|( const  Fieri  tier)  const  {  return  (tiei  id-imm  ==  id.uum):  ( 

Pix  lirst()  const  {  return  ( segment s.hrst)  h  } 

Pix  last()  const  {  return  (segments. last  i  ) );  } 
void  next  I  Pixie  j>)  const  {  segments. next ( p):  ) 
void  prev|Pixi:  |>)  const  {  segment.-. prev(p):  } 
void  del)  Pixie  loc): 

Fix  insert!  Pix  lot  .  Segment*  seg): 

Pix  ins_after(  Pix  loc.  Segment*  seg); 

Pix  append) Segment  *  seg): 

void  prepend)  Segment  *  seg)  {  seg — tier  -  this:  segments. prepeiid(seg):  } 
Segment*  operator]]  (Pix  p)  const  {  return  segments[p]:  } 
void  insert_at(const  Pix  p.  Segment*  seg): 
int  length))  const  {  return  (segments,  length) )):  } 

illt  is_applical>le(Tier**.  illt): 

Pix  preceding)  Segment  *  si.  Segment*  si): 
illt  precedes) Segment*  si.  Segment*  si): 

Pix  first  _to.tier(Fi''rie.  Pix.  Pix.  Fierce.  C'onnectahleSegment*.  l  ier**. 
illt.  illt.  int): 

void  metathesize) Pixie.  Pix.  Pix.  int.  Tier**.  Map*). 

Pix  find) Segment*): 

friend  void  make-tier)  char* ): 
friend  void  enter_seg_in.tier(STE*): 
friend  int  Segment ::is.iii-tier(Tierie ): 
friend  main) int.  char**): 

}: 

class  Segment  Set  :  public  ( ’onnectableSegment  { 

SegList  segments: 
public: 

Segment  Set))  {  tvp  =  SS:  } 

SegmentSet) const  Segment Setfc  ss)  :  segments(ss. segments)  {  tvp  =  SS:  } 

~Segment.Set( )  {  } 

void  operator  delete) void  *vd): 

void  insert  (Segment*): 
void  remove(Segment*): 

Pix  first))  {  return  segments,  first) );  } 
void  next) Pixie  i)  {  segments. next(i):  } 
int  empty))  {  return  segments. empty) ):  } 
int  length))  {  return  segments. length) ):  } 

Segment*  operator]]  (Pix  p)  {  return  segments[p]:  } 

Segment*  copy) ): 

Segment*  surface_copv(): 

int  eqv( Segment*  s): 

int  tvpe.eq) Segment*  s)  {  return  (s — tvp  ==  SS);  J 

}■ 


class  X  :  public  ('onnectableSegment  { 
public: 

X) )  {  typ  =  XX:  } 
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X (const  XX  t  {  typ  =  XX  f 


virtual  ilit  eqvfSrgmeiil*  s): 
virtual  int  type  _eq(  Segment*  s); 

virtual  Segment*  copy ( )  {  X  *x  =  new  X:  < o|>v_miI>( x |.  return  x  ) 
virtual  Segment*  surface.* opy|  )  j  X»  x  =  new  X:  csublx):  return  x:  } 
void  punt  (inti: 

}■' 


class  Consonant:  public  X  { 
public: 

( 'onsonant  (  )  {  t  \  p  =  ( } 

( ’onsonant | const  (  onsonant. V  )  {  typ  =  C:  } 
int  etjv| Segment*  p)  {  return  (p — typ  ==  ('):  } 
int  type.eql  Segment  *  p)  {  return  |p — typ  ==  C):  } 

Segment*  copy!)  j  Consonant  *c  =  new  Consonant:  copy_sub|c(;  return  c.  } 
Segment*  surface _copv( )  j  Consonant  *<  =  new  Consonant:  csub(c|:  return  c:  j 

}: 


class  \'owel:  public  X  { 
public: 

Y'mvell  I  j  typ  =  V:  } 

\oweli const  N'oweIX  )  {  typ  =  \":  } 

int  eqv( Segment*  p)  {  return  (p — typ  ==  \'|:  } 

int  type_eq( Segment*  p)  {  return  (p — typ  ==  \'|:  } 

Segment*  copy( )  {  Vowel  *v  =  new  Vowel:  copy.sub(v):  return  \:  } 
Segment*  surface _copv( )  {  Vowel  *v  =  new  Nowel:  csub(v):  return  v;  } 

}: 


class  CenerieTone  :  public  ConnectableSegment  { 
pit  blic: 

( lenericTonef )  {  tvp  —  G  f:  } 

( !enericTone( const  GenericToneV )  {  typ  =  (IT:  } 
virtual  ~GenericTone( )  {  } 

virtual  int  eqv(  Segment  *  p)  {  return  (p — typ  ==  GT  ||  p — typ  ==  TN):  } 
virtual  int  type.eqf Segment*  p)  {  return  (p — typ  ==  GT  ||  p — typ  ==  TN|:  } 

virtual  Segment*  copy(): 
virtual  Segment*  surface.copv( ): 
virtual  void  print  (int  pos  =11)  {  } 

}'■ 

class  Tone:  public  Generic-Tone  { 
public: 

Tone(int  I)  :  level(l)  {  tvp  =  TN:  } 

Tone( const  ToneV  t)  :  level(t  level  j  {  typ  =  TN:  } 
virtual  ~Tone( )  {  } 

illt  level; 

int  eqv(  Segment  *  t)  {  return  (t —  tvp  ==  TN  <V.V  ((lone  *  )t ) — level  ==  level):  } 
int  type_eq(Segment*  pi  {  return  (p — typ  ==  TN ):  } 

Segment*  copv( )  {  Tone  *t  =  new  Tone(level):  copv_sub(t ):  return  t;  } 

Segment*  surface.copyf )  {  lone  *t  —  new  lone(level):  rsub(t):  return  I:  } 
void  printfint  pos  =0)  {  cerr  <C  level  <C  "\n":  print_aux(pos):  } 

}: 
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class  <  leiierii  Phoneme  ;  public  ( 'onneclableSegmciii  j 
public: 

( i'enericPhoneme( )  {  typ  =  (IP.  ( 
virtual  ~( lenericPhoncme)  )  {  typ  =  (IP:  } 

virtual  illt  eqv|  Segment  *  gpl: 
virtual  illt  tvpe.eql  Segment*  gp): 
virtual  Segment*  copy!  I: 
virtual  Segment*  surface  .copy! ): 
virtual  void  print |int  pos=t>)  {  } 

I : 


class  Phonemic  :  public  ( lenerii  Phoneme  { 
char  *representation: 

void  init()  {  representation  —  M  LI.:  typ  =  P:  } 
public: 

Phonemic))  {  init  ( ):  } 

Phonemic!  char  *c)  {  in  it  ( ) :  sct.rep(c):  } 

Plionemic(  const  PhonemicA'  p)  {  init  ( ):  set_rep(  p.  represent  at  ion ):  j 
virtual  ~Phonemic(  I  {  ) 

inline  void  set  .rep)  chav*  rep): 
illt  ec|v( Segment*  p): 

int  type.et|( Segment*  p)  {  return  (p — typ  =—  P):  J 
virtual  Segment*  copy!): 
virtual  Segment*  surface .copv( ): 

void  print ( jut  pos=(l)  |  cerr  <  representation  <C  "\n":  print. aux(pos):  } 

}: 

class  WordBegin  :  public  Segment  {  //  w[ 
public: 

WordBegin) )  {  typ  =  \VB:  } 

Word  Begin)  const  Word  Begin  A'  wb)  {  tier  =  wb.tier:  tvp  =  \VB:  } 

Pix  matches)  Pix  seg.  TierA-  tier.  Tier  **applicable.tier.  int  n): 
int  type.eq) Segment*  wb)  {  return  (wb — typ  ==  WB):  } 

Segment*  copy))  {  return  (new  Word  Begin)  *t  his)):  } 

Segment*  surface.copy) )  {  return  (new  WordBegiu(*this)):  } 

void  print(int  pos=U)  {  if(wordend)  cout  •<  "  ":  wordend  =  FALSE:  } 

)■ 


class  WordEnd  :  public  Segment  {  //  ]w 
public: 

WordEnd))  {  typ  =  WE:  } 

Word  End  (const,  WordEndA  we)  {  tier  =  we. tier:  tvp  —  WE:  } 

Pix  matches) Pix  seg.  TierA  tier.  Tier  ** applicable. tier,  int  n); 
int  type.eq) Segment*  we)  {  return  (we — tvp  ==  WE);  } 

Segment*  copy))  {  return  (new  Word End(* this)):  } 

Segment*  surface.copy! )  {  return  (new  WordEnd(*this)):  ) 
void  printout  pos=U)  (  wordend  =  TREE:  morphend  =  FALSE:  } 

}: 


class  MorphemeBegin  :  public  Segment  {  //  in [ 
public: 

MorphemeBegin) )  {  tvp  =  .MB:  } 

MorphemeBegin(const  MorphemoBeginA-  mb)  {  tier  =  mb. tier:  tvp  =  MB 
Pix  matches) Pix  seg.  TierA'  tier.  Tier  **applicable.tier.  int  n); 
int  type.eq)  Segment  *  mb)  {  return  (mb — tvp  ==  MB):  } 

Segment*  copy))  {  return  (new  MorphemeBegin) *this));  } 

Segment*  surface.copyf )  {  return  (new  MorphemeBegin(*this) ):  } 


102 


void  print  ( int  pos=(l|  {  if !  morpheud )  rout  <.  "  +  ":  morphcml  =  i  Al.^l. 

): 


class  MorphemcEml  :  pn I >in  Segment  {  //  ]iii 
public: 

MorphemcEml!  |  {  tvp  =  ME:  ) 

MorphemeEmll const  MorpheimTlndA  im  l  j  tier  —  tin  tier:  typ  =  Mil.  } 
Fix  matches)  Fix  sen.  lier\  tier.  I  Hr  **appli<  abl<  .tier.  ilit  til: 
int  t  vpc.eql Segment *  s|  j  return  (s — tvp  ==  Mill:  } 

Segment*  copy!  1  {  return  (new  MorphemcEml!  *1  his) (:  j 
Segment*  surface _copv(  )  {  return  (new  MorphemcEml! *t  his) ):  j 
void  print ( int  pos=ll)  {  morpheml  =  TRI  (1:  } 

1: 


class  CJl  :  public  Segment  { 

(  'onsonant  cons: 
puhlic: 

C-l>|)  {  tvp  =  ('ll:  } 

( 'J)(  const  ('J)Ac  cl)  |  :  cons(cl).cons)  {  tier  =  ell. tier:  typ  =  ('ll:  } 
int  is_zero()  {  return  TRl'H:  } 

Fix  matches!  Fix.  Tier  A:,  Tier**,  int)  {  abort!):  return  MU.:  ) 
Fix  zeromatches! Fix.  TierAc.  TierAc): 

Segment*  copy!)  {  return  (new  ('_(!( *this) ):  } 

Segment*  surface _copv( )  {  return  (new  ('_l)(*this));  } 
int  tvpe.eq!  Segment*  s)  {  return  (s— tvp  ==  (’ll):  } 

}: 


class  Y.O  :  public  Segment  { 

Vowel  vow: 
public: 

Y-l)( )  {  tvp  =  Y():  } 

\  JI( const  V.OA;  vll)  :  vow(vtl.vow)  {  tier  =  vtl.tier:  typ  =  \ 'll:  } 
int  is.zero( )  {  return  TREE:  } 

Fix  matches!  Fix.  Tier  A:.  Tier**,  int)  {  abort!):  return  NELL:  } 
Fix  zeromatches!  Pix.  Tier.Y,  TierAc): 

Segment  *copy( )  {  return  (new  \'_()( *t his) ):  } 

Segment  *surface.copv( )  {  return  (new  V.l)(*this));  } 
int  tvpe.eq! Segment*  s)  (  return  (s — tvp  ==  Vttj:  ) 

}: 


class  X.t)  :  public  Segment  { 

X  x: 
public: 

XJ)()  {  typ  =  XI):  } 

X.0(const  X.llAc  xll)  :  x(xO.x)  {  tier  =  xll.tier:  typ  =  X(>:  ) 
int  is.zero! )  {  return  TRI  E:  } 

Pix  matches(Pix.  TierAc.  Tier**,  int)  {  abort));  return  XI  I, L:  ) 
Pix  zeromatches!  Pix.  Tier  A- .  Tier  Ac): 

Segment*  copy!)  {  return  (new  X_()( *t his) );  } 

Segment*  surface.copy! )  {  return  (new  X _(l(  * t his ) ) ;  } 
int  tvpe.eq! Segment*  s)  {  return  (s — typ  ==  Xtl):  } 


//  The  program  should  replace  occurances  of  etc.  with  C  ('_().  etc. 

y*****************************************/ 

/*  */ 

/*  Featurts!  */ 

/*  */ 
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t*  *«***«******  +  ,' 


i  (  public  (  M  iicrii  PIioik  ni<  | 

char*  name: 

void  nut U  {  name  =  Nil!.,  up  =  <  \ ;  inn  jot  .art  i<  ulat or  =  N  1  1  I  :  ) 
( 'lassNode*  ni.tjoi_.iil  I'ulatm:  jj  Major  at  l  initiator  for  k-  mod. 
public: 

(  jass.\ode(  I  j  iuit (  ):  | 

(  ‘lassNode! const  < 'lassNnde.V  cut  {  inill):  m  t  _ti,itu.  I <  ton. inn  ):  tu  t  = 
( 'lassNodt  (char*  n  I  j  iuit!  I:  srt_naiii«  t  it ):  } 

~( ’lassNode!  !  (  } 


inline  void  set  _namo|  char*  tun  I: 
int  eqv(  Segment  *  <  ii  1 : 

ill t  type.eq!  Segment*  fit)  J  return  tin  —  l.vp  ==  (  N  ):  } 
Segment  *  copy | ): 

Segment*  surface  .copy  (  ): 
void  print ( int ): 

}'• 


class  Feat  tire: 

class  FeatnreMatrix  :  public  ( teneriol’lioneiiie  { 

Feature  **  feat  lire: 
int  nit  tit -feat  tires; 
int  sz: 
public: 

Feat ureMatrixl ): 

Feat  ure.Matrixl  const  Feat  ureMatrixl  ftn): 
~FeatureMatrix( )  (  free! ( char  *  (feature ):  } 
inline  void  operator  delete! void*  vd): 

void  add.feature( Feature*  f). 
int  e<|v( Segment*  s); 

int  type.eq! Segment*  fnt)  {  return  (fin — tvp  ==  FM);  } 
Segment*  copy)); 

Segment  *  surface-oopy( ): 

void  add-feat  ures-to-t  ree.seg(  Segment  * ): 

void  copy-feat ttresf  Feat Ui  Matrix*!: 

friend  STFi*  ereate-filled-classnode(STF’*.  STF.*.  STE*): 

void  print(int): 

}: 


class  Feature  :  public  trenericPhotienie  { 
friend  class  Feat ure Matrix: 
char*  name: 

void  init()  {  name  =  NELL;  tvp  =  F:  } 
int  value:  //  -!  =  -.<>  =  unspecified.  +1  =  +.  2  =  alpha 
public: 

Feature! char*  nm.  int  val=(l)  {  init ( ) :  set-iiame(nm):  value  —  val:  } 
Feature! const,  Featured-  f): 
virtual  ~Feature()  {  } 

inline  void  set. narnefehar*  tint >: 
int  ec/v | Segment*  f): 

int  tvpe_eq(Segment*  f)  {  return  (f — tvp  :  F):  } 

int  name_eq( Feature*  f)  {  return  ( st rent p( name,  f —  name)  ==  0):  } 

Segment*  copv(): 


ni  tu  t:  ( 


1U1 


>1  Klin  nl  *  >111  l.n  i  _■  D|)\  i  t: 
void  print  i  tat  i 

}: 

llllh.o: 

(  )«'|ct  t-  <l|>'  l.llol- 

iulilK  void  Si  nnn  ul  •  ;»  r  .nor ■  <l<  l>  !•  t  void*  \>li  j 
tiim  iit  *>  =  _::i«  lit  •  imI: 

* —  I  li  I  =  II; 

In  1 1 1  char  » )\ <1 ); 

1 

mini'  void  ralur  del*  n t  Void  •vli  { 

N  ul.ink  *s  =  Oi  ^l.mk  »  I v 1 1 ; 

>— —  4 1 1 
::lree( I  char  *  |\  il  I: 


inline  voi<i  ltulel.ink.:operator  »l«l«-t •  ( void*  'ill  ( 
ItnleLink  *r  =  iltnlel.mk  *)vd: 
r  —  rule  -  (I; 

::l'ree| (char  *  )vd): 

} 


inline  void  Kealnre\Iatrix::operator  <lelete( voi<l*  \<ll  { 
Feat nreMat rix  *fin  =  I  FeatureMatrix  *)vd: 

::frcc( (char  * )fm — feat nre I: 

::lree(  (char  *  )vd ): 

} 


//  new  operators: 

inline  void*  Rule::operalor  ne\v(si/e.t  >i/e)  ( 
void*  ptr  =  ::inalloc(si/e): 
return  ptr: 


inline  void*  Rulel,ink::operalor  new(si/e_t  size)  { 
void*  ptr  =  ::inalloe|si/e): 
return  ptr: 

} 

inline  void*  It nleFist -operator  iiew(si/e_l  si/e)  { 
void*  ptr  =  ::malloe(size): 
return  ptr: 


inline  void*  <  'SI.ink::operator  ne\v(si/e.t  si/e)  { 
void*  ptr  =  ::malloc(si/e): 
return  ptr: 


inline  void*  ( ’SMap::operator  iietv(  sized  si/e)  { 
void*  pt r  =  ::mallor(size|: 

rettirn  ptr: 

) 
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I  it  it  tit  ‘  void*  <  li.trl  :t>pt  t.iltu  nnviM/i'.l  >!/•  I  | 
void*  pt i  =  i ■  i .1 1 1< ><  i *i/t  ) 
return  pH: 


1  ll  1 1  lit  void*  St  "lilt  III  opt  ralttl  new(si/*_l  >1/*  i  { 
vt»i<l  *  pli  =  inalltii  i  si/t  I: 
return  pit: 

} 


i it 1 1 n t -  void*  St  u,l  iti!v.:t<pt  lator  titulsi/tj  >i/t  I  { 
void  •  pi  r  =  :  ni.illut  c-i/t  i 
return  pt  i : 


inline  void*  Sfi>I.i»i ::i>pi  ralor  n*  vvl ->i/t  t  *i/<  i  { 
void*  pit  =  ::tiiallt>' I M/' 
return  pit 

} 


inline  void*  l  it  r::opt  laloi  newt  si/t  _i  si/ti  ( 
void*  pli  —  inalltx  ( M/e  |: 
return  pit: 

1 


/ /  (  'oust  niflor>: 

inline  Kule::Kuletint  size=Wi 

I 

in  it  I  I: 

>/  =  size; 

oriuinal  =  (  tier  ** )inalloe(>/  *  sizeofl  lift  *li. 
replat  tmeiil  -  fl  ier  **  Imalltx  (>/  *  sizeofl  I  it  r  ♦)!: 
n ii in _t  it  r>  =  II: 

1 


inline  Tier::  Tier  I  const  lier.V  t|  .  sejemenl>(t.set>Mients)  { 
inill):  set  .name!  l  .name ):  itLlinm  =  elass-Uni<pie.niiili++: 

} 


inline  F'eatnre::Feature(const  Featured  f)  { 

inill  ):  set-iianie(f.iiaiiie):  value  =  f.valne:  tier  =  f.lier: 

} 


inline  FcatureMatrix::FeatureMatrixl )  { 
sz  =  1(1:  mi  ill -fea  I  ll  res  =  II: 

feature  =  (Feature  **  )nialloe(sz*sizeof|  Feat  lire  *)):  tvp  =  I'M: 

> 

inline  F'ealiireMatrix::Fea1iireMatrix|const  FeatureMatrixAv  Iml  j 
illt  sz  =  (in.  n  uni -Tea  I  ures: 

feature  =  (Feature  **  )niallo<  (sz*sizeof(  Feat  lire  *)): 
for  (int  i  =  (I;  i<sz:  i++) 
feature[i]  =  fin.featurefi]: 
iiuni.feat  ures  =  sz: 
tvp  =  FM: 

i 


//  destructors 


ion 


inline  ( ‘onnectableSegment  'onnectableSegment  (  I  j 
free( (cliar  * (inferior ): 
free!  (char  *  (superior). 
hee(  (char  *  )inferior_to_sprea<Lalong): 
free(  ( char  *  )supenor-lo_spnarl_along): 

} 

j  j  Set  name 

inline  voidTier::set_name(char*  nm)  { 
name  =  nm: 

} 

inline  void  Riile::set_iiaim‘(char*  nm)  j 
name  =  nm: 

} 

inline  void  ( ’hart  ::set_name( char*  nm)  { 
name  =  nm: 

} 

inline  void  ( 'IassXode::set_naine(char*  nm)  { 
name  =  nm: 

} 

inline  void  Feat ure::set_name( char*  nm)  j 
name  =  nm: 

i 

//  copy 

inline  Segment*  ConnectableSeginent::copy( )  { 

( 'onnectableSegiiiciit  *eop.v  =  new  ( 'onnectableSegment 
copy  _snb(  copy): 
return  ropy; 

} 

inline  Segment*  ( 'onnectableSegment ::surface_copv( )  { 
('onnectableSegment  *copy  =  new  Connect  ahleSegment 
csub(copy ): 
return  copy; 

) 

inline  Segment*  Segment  Set  . "copy  ( )  { 

Segme.itSet  *ss  =  new  SegmentSet: 
for  ( Pix  p  =  first( ):  p  /  NULL:  next(p)) 
ss — insert  (operatorQl  p(): 
copv.siib(ss): 
return  ss: 

1 

inline  Segment*  SegiiientSet::surface.copy( )  { 

SegmentSet  *ss  =  new  Segment  Sot: 
for  (Pix  p  =  first ( ):  p  ^  NULL:  next(p)) 
ss — insert  (operator[](  p)(; 
csnb(ss): 
return  ss; 

} 
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inline  Segment*  Generic  I one::copv(  |  { 

Generic Tone  *gt  =  new  Generh  lone:  ropy_sub(gt  I:  return  gt : 


inline  Segment*  GenericPhoneme::<  opv(  )  { 

( ienericPhoneme  *»p  =  new  < leneric  Phoneme:  copv_sub(gp):  return  up: 

} 

inline  Segment*  Phonemic::copv(  )  { 

Phonemic  *p  =  m  Phoneniir( representation ):  <  opv  _>.ub(  p):  return  p: 

} 

inline  Segment*  ( 'lassNode::copy (  )  { 

ClassNode  *<•  =  new  ClassNode!  name):  copv_sub(e):  return  c: 

} 

inline  Segment*  Feat ure::copy( )  { 

Feature  *f  =  new  Feature! name,  value):  copv_sub(  f );  return  f: 

} 

inline  Segment*  GenerieTone::surface-Copy( )  { 

GenerieTone  *gt  =  new  GenerieTone:  csub(gt):  return  gt; 

} 

inline  Segment*  GenericPhoneme::surface_copy( )  { 

GenericPhoneme  *gp  =  new  GenericPhoneme:  csnb(gp):  return  gp: 

} 

inline  Segment*  Phoneinic::surface.copy( )  { 

Phonemic  *p  =  new  Phonemic!  represent  at  ion):  esub(p):  return  p: 

I 

inline  Segment*  ClassNode::surfaee-Copv( )  { 

(  lass Node  *c  =  new  Class N’ode( name);  csub(c);  return  c: 

} 

inline  Segment*  Feature::surface.copy( )  { 

Feature  *f  =  new  Feature! name,  value):  csub(f):  return  f: 

} 

//  cqv 

inline  int  ConnectableSegment::eqv(Segment*  s)  { 

return  (s — typ  ==  CS  ||  s — typ  ==  ('  ||  s — typ  ==  \'  ||  s — tvp  ==  SS  || 

s — tvp  ==  GT  ||  s — tvp  — —  TN  ||  s — tvp  ==  GP  ||  s — tvp  ==  P  || 
s — tvp  ==  CN  ||  s — tvp  ==  FM  ||  s — tvp  ==  F  ||  s — tvp  ==  XX): 

} 

inline  int  X::eqv(  Segment*  s)  { 

return  (s — tvp  ==  XX  ||  s— tvp  ==  C  ||  s—  tvp  ==  V): 

1 

inline  int  GenericPhoneme::eqv(Segment*  gp)  { 

return  (gp— typ  ==  GP  ||  gp— tvp  ==  P  ||  gp— typ  ==  CN  ||  gp— typ  ==  F  || 
gp— tvp  ==  FM): 

} 

inline  int  Phonemic::eqv| Segment*  p)  { 


IDS 


return  Ip — typ  ==  I*  A  A 

1st ri'inpl  1 1  Phonemic 


*  > | > >  —  representation. representation )  I: 


inline  hit  ( jass.Node::eqv(Segment*  nil  { 

return  (cn  —  t  vp  ==  < X  A. 

(st r<  inpl  name.  ((<  jass.Node  *  Ini  I  —  name)  ==  0)  A  A- 
( ( !ma jur.arlieiilalor  AA  !( ( ( jass.Node  *  |<  n ) — inajoi.arln  itlator  )  |j 
(major.ai  Initiator  A  A  ( ( ( jassNode  »)<n) — ma  jor-art  initiator  A  A 
major.articulatoi' — eq\  ( ( |  ( jass.Node  *  )<n  )  —  major  .art  ienlator  I )  1 1: 


//  tvpe.eq 

inline  iut  (  'onnectalth  Segment::type_eq(Segment*  s)  { 

return  I.- — tvp  ==  CK  ||  > — tvp  ==  ('  ||  s — tvp  ==  V  ||  s — typ  ==  SS  || 

s — tvp  ==  (IT  ||  s — typ  ==  I  N  ||  > — typ  ==  tiP  ||  > — -typ  ==  P  || 
s — tvp  ==  CN  ||  s — tvp  ==  PM  ||  s — tvp  ==  P  ||  s — tvp  ==  XN): 

i 


inline  int  X::type_eq(Segment«  s)  { 
return  (s— tvp  ==  XX  ||  s— tvp  =-  ('  ||  s— tvp  ==  V): 

I 

inline  int  (;enericPhoneine::type-eq(Segment«  gp)  { 

return  (gp— typ  ==  (iP  ||  gp— typ  ==  P  ||  gp— typ  ==  CN  ||  gp— typ  ==  P  || 
gp— tvp  ==  PM): 

1 


//  matches 
inline  Pix 

Word  Begin::  matches)  Pix  seg.  TierA-  tier.  Tier**,  int)  { 
Pix  currpos  =  seg: 
tier.next(currpos); 

return  ((tvpe.eql tier[seg]))  ?  currpos  :  ( Pix )(-l ) ): 

} 


inline  Pix 

\VordEnd::matches(  Pix  seg.  TierA'  tier.  Tier  **.  iut)  { 
Pix  currpos  =  seg: 
tier.next(currpos): 

return  (( tvpe.eql  tier[seg]))  ?  currpos  :  (Pix )(-!)): 

} 


inline  Pix 

MorphemeBegin::inatches(Pix  seg.  TierA'  tier.  Tier  **.  int)  { 
Pix  currpos  =  seg: 
tier.ne.xt  ( currpos): 

return  (( tvpe.eql  tier[seg]))  ?  currpos  :  (  Pix )( - 1 ) ): 

} 


inline  Pix 

MorphenieEnd::matclies( Pix  seg.  TierA'  tier.  Tier  **.  iut)  { 
Pix  currpos  =  seg: 
tier.next(currpos): 

return  ((tvpe_eq(tier[seg]))  ?  currpos  :  (Pix)(-1)): 

} 
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//  inils 

inline  void  ( 'onnectal>h  Segment::init(iiit  inf.  int  sup)  j 
tvp  =  (  'S; 

infs/  =  inf:  slips/  =  sup: 

inferior=(  <  'onneclalileSegment  **  )ma)loc(  inls/*sizoof(  (  onnect ahleSegment  * ) ): 

superior=(<  'onnect  ahleSegment  **  )malloc(sups/*sizeof(( ’onnectahleSegment  *)) 

inferior_to_spread_along  =  Nl  LL: 

superior.  to_spri,td_along  —  Nl  LL: 

nuni-inferiors  =  0: 

milit-superiors  =  II: 

is.exart  =  is. inert  =  FALSE, 
spreads.left  =  FALSE: 
spreads. right  =  FALSE. 

} 


inline  void  Chart )  j 
name  =  N  I’LL: 
sz  =  10; 

tier  =  (Tier  **)malloc(sz*sizeof(Tier  *1): 
nuni-tiers  =  0; 
tree  =  NELL; 
niax.tones.per.vowel  =  - 1 : 
max.vowels.per.tone  =  -1; 
sandhi. rnles.exist  =  FALSE: 
rtol_sandhi_rules.exi.st  =  FALSE: 
mint,  tones  =  (I: 
no-connect  =  TREE; 

} 

//  misc 

inline  void  Phoneinic::set.rep(char*  rep)  { 
representation  =  rep; 

} 

inline  Segment*  SegList::operator(](const  Pix  p)  const  { 

SegLink*  si  =  (SegLink  *)p; 
return  si — seg: 

} 

inline  Pix  Tier::insert( Pix  loc.  Segment*  seg)  { 
seg — tier  =  this: 

return  (segments. ins. before) loc.  seg)): 

} 

inline  Pix  Tier::ins_after(Pix  loc.  Segment*  seg)  { 
seg — tier  =  this; 

return  (segments.ins.after(loc.  seg)): 

} 

inline  Pix  Tier: :append( Segment*  seg)  ( 

seg — tier  =  this:  segments. append(seg);  return  segments.last( ): 

1 


inline  void  Tier::insert. at  (const  Pix  p.  Segment*  seg)  { 
seg — tier  —  this:  segment s. insert  .at  (p.  seg): 

} 
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inline  ilit  (’hart::freel\-associale(Segiiicnt*  >1.  Segment*  sl|  ( 
return  Iree-assot  hates.  Ireoh  -.assoc  I  s  I .  si  I: 

I 

#endif  / *  ton t s  */ 


C.2  Application 

//  Apply  <■< 

# include  "Map.h" 
extern  Chart  chart: 

void  niake-set_of-segsJn_tier( Segment*  seg.  Segment  Set*  segs.  TierA-  intier. 

(  'oniieotableSegmeiit  *  rseg.  Tier**  ap.tier. 
int  mini-tiers) 

//  Insert  into  the  set  segs  all  segments  that  are: 

//  I .  ( 'oiinertecl  to  seg 
//  1.  equal  to  rseg 
//  I.  In  the  tier  intier 

{ 

if  (seg — is-eonnectahle( ) )  { 

( 'onnertableSegment  *cs  =  (( ’onnectableSegment  *)seg: 

SegList*  infs  =  cs — inferiors(): 

for  (  Pix  p  =  infs — first  ( ):  p  NULL:  infs — next  (pH 
if  ((*infs)[p] — is_in.tier( intier)  A  A 

rseg — equal!  convert  (infs.  p).  ap.tier.  uuni.tiers)) 
segs — insert  ( ( *infs)[p] ): 

delete  infs: 

} 

} 

Pix  Tier::  preceding!  Segment  *  si.  Segment*  s  1) 

//  Returns  position  of  the  first  of 

//  the  two  segments,  or  NELL  if  neither  is  in  the  tier. 


{ 

Pix  currpos  =  segments.first) ): 

while  (currpos  A- A-  *segments[currpos]  ^  *sl  A  A  *segnient.s[currpos]  ^  *s!) 
segments. next  (currpos): 

return  (currpos): 

} 


int  Tier::precedes( Segment*  si.  Segment*  si) 

//  Is  si  found  on  Tier  before  or  at  the  same  time  as  si? 

{ 

Pix  currpos  -  segments. first) ): 
while  (currpos)  { 

if  (*segments[currpos]  ==  *sl) 
return  TRI  E: 

if  (*segments[c:nrrpos]  ==  *sl) 
return  FALSE: 
segments. next  (currpos): 

} 


Ill 


return  FAI.SF: 


1 

SegList*  malching.segs) TierA'  (r.  TierA’  iutier.  l  it-r.V  ot .  Pix  tierpos. 

illt  no.worddivs.  int  no.morpitdivs) 

//  Returns  a  list  of  the  segments  in  tr  starting  at 

//  tierpos  that  match  segments 

//  in  the  rule  tier  ot  that  connect  to  inliei 

{ 

.SegList*  segs  =  new  SegList; 

Pix  cure  =  tierpos: 

Fix  olilc: 

Pix  curr: 

for  (curr  =  ot. first) ):  curr  #  NULL;  ot.next(curr))  { 
if  |ot[rurr]  —  is.connectable) )) 

if  (()( 'onnectableSegment  *)ot[curr]) — connects.to.tierUnt n  r )  ( 
segs — a  ppemt  ( t  r  [r  u  re] ) : 
if  (ot[curr] — is.zero) )) 
do  { 

oldc  =  cure: 

cure  =  ot[curr] — zeromat  dies)  cure,  tr.  ot  I: 

while  ((no.worddivs  A:A  tr[curc] — is_a.wordbouiidary( )  I  || 

(no.morphdivs  A- A'  tr[curc] — is.a.iiiorpheineboitndary)  I)) 
tr. next)  cure): 

}  while  (cure  ^  oldc); 
else  { 

tr.next(curc): 

while  ((no.vvorddivs  AA'  tr[curc] — is.a.  word  boundary) ))  || 

( no.morphdivs  A: A:  t r[curc] — is_a.inorpheineboundarv( ) ) ) 
tr.next(curc); 


return  segs; 

} 

Pix  Tier::first_to.tier(TierA  tr.  Pix  tierlpos.  Pix  tieripos.  TierA"  ot. 

OonnectableSegment*  rseg.  Tier  **ap.tier. 
int  ntiers.  int  no.wdivs.  int  no.mdivs) 

//  Finds  the  first  position  in  tr  that  connects  to  a 
//  previously  matched  segment  in  this  tier  and  equals 
//  rseg.  If  this  position  precedes  tierJpos.  returns  it. 

//  Otherwise  returns  tierJpos.  If  no  position  is  found,  returns 
//  tieripos. 

{ 

Segment  Set  *testsegs  =  new  SegmentSet; 

Pix  currpos  =  tierlpos: 

Pix  i: 

SegList*  msegs  =  matching.segs(*this.  tr.  ot.  tierlpos.  no.wdivs.  no.mdivs) 

if  (currpos  ==  NULL)  { 
delete  testsegs: 
return  tierdpos: 

} 

for  (i  —  msegs — first));  i  ^  NULL:  msegs — next(i)) 

make_set.of.segs Jn.tier) ( *msegs)[i],  testsegs.  tr.  rseg.  ap.tier.  ntiers); 

currpos  =  NULL; 

if  (tierdpos  ==  NULL)  { 
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if ( Ifestsegs — empty))!  j 
i  =  test softs — 1 1 1—  I  (  I: 
eurrpos  =  l  r.hmlt  I +lesi>egs|[i] ); 
leslx'p — next  |  i ): 
while  (i  ^  M  1.1. 1  { 

eurrpos  =  l  r. preceding!  t  r.segmeiiis[cnrrpos].  ( *testsegs)[i] /: 
t  est  segs — next  I  i ): 


}  else  { 

eurrpos  =  ticr-’pos: 

for  |i  =  testsegs— hrsl  |  ):  i  ^  MIL;  testsegs — -next  I  it) 

eurrpos  =  tr.preceding(tr.segments[currpos].  (*testsegs  »W»: 

I 


delete  test  softs: 
return  eurrpos: 

> 


int  apply(  Rule.V  rule.  (’hart  A*  eliari) 

//  Matches  rule  against  chart.  If  matched,  applies 
//  rule  to  chart,  and  continues  to  match  and  apply  in  the 
//  order  specified  in  rule  until  it  no  longer  matches. 

{  _ 

int  *tier_idx: 

int  applied  =  FALSE: 

Tier  **ap_tier: 
int  num.ap-tiers  =  0; 
int  different: 
int  i.  j: 

int  someleft  =  TRI  E: 

Pix  torigpos  =  ( Pix  *)malloc(rule.num_ tiers  *  sizeof(Pix)): 

ap.tier  =  (Tier  )malloc( rule. mun.tiers*sizeof( Tier  *)): 
tier-idx  =  new  int [rule.num. tiers]: 

for  (i=0:  i<rule.num. tiers:  i-f+) 
for  (j=0:  j <chart. nuni-t iers;  j+-f ) 

if  (chart [j].naine_eci(  *rule.original[i]))  { 
ap.tier[nunuap.tiers++]  =  .Vchart[jj: 
tierJdx[num-ap.tiers-l]  =  j: 
break. 

} 

if  ( num.ap.tiers  5^  rule.num.tiers) 
abort( ): 

if  (rule.is.sandhi)  //  Start  at  the  beginning,  so  as  to  get  word  boundaries, 
for  (i=0:  icrule. num-t iers;  i++)  { 
origposfi]  =  chart  [t  ier  _idx[i]] .  current: 
chart[tier-idx[i]]. current  =  chart[tierJdx[i]].first( ): 

] 


if  (rule.rtol)  //  Start  at  end.  for  rtol  rule, 
for  (i=0:  i<rule.num-tiers:  i+  +  )  { 
origpos[i]  =  chart  [t  ier_idx[i]].  current: 
chart[tier.idx[i]]. current  =  chart[tier  Jdx[i]].last( ): 

> 
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Pix  *match-idx 
Pix  *old_match 
Pix  *start-pos 

for  i< rult'- nuiii_ f it-r^:  i++)  { 

start-pos[i]  =  chart  [tier_idx[i]]. current : 
ohl-match[i]  =  N!  LL: 

} 

someleft  =:  UR  1  E: 

while  (someleft  I  { 

for  (i=0:  i< rule. mini-tiers:  i  +  +) 
do  { 

match  Jdx[i]=r  ule.  match  (chart  [tier.  iilx[i]].a|»_tier.  rule. nuni-tiers.  i): 

if  ( rule.rtol  kd'  match-idx[i]  ==  (Pix)(-I)l 

chart  |tier-idx[i]].prev(  chart  [lier_idx[i]]  .current ): 

}  while  (rule.rtol  AT  matchJdxfi]  ==  (Pix)(-l|  TT 
chart [t ier_icl x[i]] . current  N'l  LLl: 

//  Did  it  actually  match? 

for  |i=(l;  i<rule. nuni-tiers:  i++) 

if  (match  Jdx[i]  ==  (  Pix)(-1 ))  {  //  It  didn't  match,  so  can't  apply 
if  (rnle.is.sandhi  ||  rule.rtol)  //  Reset  soother  rules  won't  break 
for  (j=0:  j<rule. nuni-tiers:  j+-H 

chart[tier-idx[j]].curreiit  =  origpos[j]: 
else  if  (Irule.rtol) 

for  (j=():  jCrule. nuni-tiers:  j++) 

chart  [t  ier_idx[j]].  current  =  start_pos[j]: 
free((char  *)origpos); 
free((char  *)old-inatch): 
free( (char  *)matchJdx): 
free((cliar  * (start  .pos); 
return  applied: 

} 


=  (Pix  *)malloc(  rule,  nuni-tiers  *  sizeofl  Pix ) ): 
=  (Pix  *  )malIoc(  rule.nuiii-tiers  *  sizeoff  Pix  I  (: 
=  (Pix  *)malloc( rule. nuni-tiers  *  sizeofl  Pix ) ): 


for  (i=J:  i<rnle. nuni-tiers:  i++) 
for  (j=l>:  j<i:  j  +  +)  { 

Tier*  tr  =  rule.original[i]: 

ConnectableSegment *  cs  =  (ConnectableSegment  *)(*tr)[tr— first ( )]: 
match  Jdx[i]  =  chart[tier  jdx[j]].first-to-tier(chart[tier-idx[i]]. 

match  Jdx[j]. 
matchJdx[i], 

♦  rule,  original  [j] . 
cs.  ap.tier. 
rule,  nuni-tiers. 
rule.no.vvorddivs. 
rale.no-inorphdivs): 

} 

different  =  FALSE: 
for  (i=0:  i<rule.num. tiers;  i++) 
if  ( match  Jdx[i]  7^  old_match[i]) 
different  =  TRUE: 

if  (different )  { 

//  Now  apply  it! 

rule.application(chart.  matchJdx,  tier_idx): 
applied  =  TRf  E: 
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fur  (i=0:  i<riilf.iniiii-lius:  i-K+j 
oltl  _  in  a  I  *li  [i]  =  match_idx[i]: 


} 

sonnlflt  =  IK  IK: 
for  (i=ti:  icriile. mini-tiers:  i  +  +)  { 
if  (different ) 

if  (  match _idx[i] )  //  W  ill  change  if  segment  was  deleted 
fliart  [l  ier_itixfi]].t»irrfiil  =  niatch.idxfi]; 
else 

chart  [tier. idx[i]]. current  =  start  _|*o.->[i]; 

if  ( rule.rtol ) 

chart  [tierJdx[i]].  prey  (chart  [tier.idxfi]]. current ): 
else 

chart ftierJdx[i]]. next ( chart [tier.idxfij]. current ): 
if  (chart[tierJdx[i]j. current  ==  Nl  L  L ) 
someleft  =  FALSK; 


if  (rule.is.sandhi  ||  rule.rtol)  //  Reset  so  other  rules  won't  break 
for  (j=t):  j<rule.nuin.tiers:  j++) 

chart  [tier.idxjj]].  current  =  origpos[j]: 
else  if  (Irule.rtol) 

for  (j=0:  j<rule.nuin.tiers:  j++) 

chart  [tier.idx[j]].  current  =  start  _pos[j]: 
free(( char  *)origpos): 
freed  char  *)old_match). 
free((cliar  *  (match -idx ): 
freedchar  *  (start  _pos): 
return  applied: 

} 

Pix  mat ches.any.inap.el( Segment*  seg.  Map  *tnap,  int  i) 

//  Does  seg  match  any  element  in  map  tier  number  i? 

//  Returns  the  position  in  map  if  so.  or  NULL. 

{ 

for  (Pix  c  =  map[i]. first ( );  c  -fc  NULL:  map[i].next(c)) 
if(*seg  ==  *(ntap[i][c]  —  rule.seg)) 
return  c; 
return  NULL: 

} 

Pix  matches-any.replacement.el(Segment*  seg.  Tier  **replacement .  inti) 
//  Does  seg  match  any  element  in  replacement,  tier  number 
//  i?  Returns  the  position  in  replacement  if  so.  or  NULL. 

{ 

for  (Pix  c  =  replacement [i] — first ( ) :  c  ^  NULL:  replacemen t[i] — next (c)) 
if(*seg  ==  *(*replacement[i])[c]) 
return  c: 
return  NULL: 

} 


Pix  in. map( Segment*  seg.  Map  *map.  int  map-size.  int.U  i) 

//  Finds  rule  segment  seg  in  map  (which  has  map-size 
//  tiers).  Sets  i  to  the  tier  on  which  seg  is  found,  and 
//  returns  the  location  on  the  tier  (or  NULL  if  not  found) 

{ 

for  (i=l):  i<map_size:  i++) 

for  ( Pix  j=map[i].first( ):  j  ^  NULL;  map[i].next(j)) 
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if  ( *(  mapji]  jj] —  rule.seg)  ==  *segi 

return  j: 
return  M  l.  I.: 


Fix  skeletal.in.mapl  Segment  *  seg.  Map*  map.  int  map_si/i .  iut  *tier.idx. 
Chart  A  chart,  inti,  i| 

//  Finds  chart  segment  seg  in  map  (which  has  map-size 
//  tiers).  Sets  i  to  the  tier  on  which  seg  is  found.  and 
//  returns  the  location  on  the  tier  (or  M  1.1.  if  not  found) 

{ 

Segment*  tiisog: 

for  (i=ll;  icmap.size:  i-p-L) 

for  (  Fix  p  =  map[i].hrst( ):  p  ^  M  I  L:  map[ij.next(  p) )  { 
mseg  =  chart [tier.idx[i]][mapji][p] — chart  _pos]; 
if  ( *mseg  ==  *seg ) 
return  p: 

} 

return  M'LL: 

} 

Pix  in. replacement. chart! Segment*  seg.  Tier  ** replacement,  int  num. tiers. 

intis  i) 

//  Finds  rule  segment  seg  in  replacement  (which  has 
//  mini-tiers  tiers).  Sets  i  to  the  tier  oil  which  seg 

//  is  found,  and  returns  the  location  on  the  tier  (or  M'LL  if  not  found) 

{ 

for  (i=0:  i<nuni.tiers:  i++) 

for  ( Pix  j= replacement [i] — first ( ):  j  ^  M'LL:  replacement [i] — next ( j ) ) 
if  (*(  ♦  replacement  ji])jj]  ==  *seg) 
return  j. 
return  M'LL: 

} 

void  Connect alileSegment  ::sort( ) 

//  Puts  inferiors  and  superiors  in  the  order  thev  are  found  on  their  tiers. 

{ 

int  i.  j: 

int  swapped  =  TRI  ES 
( 'onnectableSegment *  Imp: 

while  (swapped)  { 
swapped  =  FALSE: 
for  ( i— 0:  icnum.inferiors:  i++) 
for  (j=i+l:  j<r.um Jnferiors:  j++) 

if  (inferior[i] — tier  A:  A'  inferiorjj] — tier  AA 

inferior[i] — is.actually.in.tier(*inferior[i] — tier)  AA 
inferiorjj] — is_actuaiiy_in_tier(+inferior[j] — tier)  A  A 
♦inferiorji] — tier  =—  *inferior[j] — tier  A A 
inferiorjj] — tier — precedes! inferiorjj],  inferiorji]))  { 
tmp  =  inferiorji]; 
inferiorji]  =  inferiorjj]: 
inferiorjj]  =  tmp; 
swapped  =  TREE; 

} 

for  (i=0;  i<num_superiors:  i+-f) 
for  (j=i+l:  j< mini-superiors:  j++) 

if  (superiorji] — tier  AA  superiorjj] — tier  AA 

superiorji] — is.act  ually_in_tier(  ♦superiorji] — tier)  A  A 


Miperior[j] — •  i-._a.t  t  (tally  .111 -tier!  *siiperioi  [j]— tier  1  *V\ 
*superior[i] — I  it'  r  ==  *superior[j] —  tier  .V,V 
superior[j] —  tier — precedes)  superior[j].  siiperior[i] )  t  { 
tmp  =  superior[i]: 
superior[i]  —  siiperior[j]: 
siiperior[j]  =  t  nip: 
swapped  =  TRI  F: 


illt  t 'onnectableSegmenl::iiot_too-manv_tones( ) 

//  Returns  FALSE  if  this  is  a  Vowel  connected  to  a  number  of  tones 
//  greater  titan  or  equal  to  the  maximum  allowable.  Otherwise,  returns  7  HI  F 

i 

if  (typ  ^  V) 
return  TRI  E: 
int  nnm.tones  =  0: 
for  (illt  i=0:  i<num.inferiors:  i++) 
if  ( inferior [i] — tvp  ==  TN) 
nuni-tones-f +: 

if  (chart. max.tones.per.vowel  ==  -1  j|  mint-tones  <  chart. max-tones. per. vowel) 
return  TRUE: 
return  FALSE: 

} 


int  C'onnectableSegment::not-too.manv-vowels( ) 

//  Returns  FALSEi  if  this  is  a  tone  connected  to  a  number  of  vowels 
//  greater  than  or  equal  to  the  maximum  allowable.  Otherwise,  returns  TRI  E 

{ 

if  (typ  ^  TN) 
return  TREE: 

int  nu in _ vowels  =  0: 
for  (int  i=():  i<num.superiors:  i++) 
if  (superior[i] — typ  ==  V) 
nuni.vowels++: 

if  (chart. max.vowels_per_.tone  ==  -1  ||  num-Vowels<chart  .max.vowels.per.tone) 
return  TRUE: 
return  E'ALSE: 

} 

int  Connectabie.Segment::connect((  ’onnectableSegment*  seg) 

//  Requires  —  this  segment  is  assumed  to  be  the  SUPERIOR,  and  seg  is 
//  assumed  to  be  the  INFERIOR. 

//  Effects:  Modifies  this  and  seg  such  that  they  are  connected. 

//  dealing  with  the  case  where  the  connection  would  exceed  the 
//  tone/ vowel  connection  limit. 

{ 

int  i.  j.  delete.num: 

int  connected-property  =  TRUE: 

for  (i=0:  i<num_inferiors:  i++)  //  Make  sure  is  not  already  connected, 
if  (*this  ==  *seg) 
return  TRUE; 

Connect ableSegment  **inf: 

Vowel*  vow  =  new  Vowel: 

Tone*  t  =  new  Tone(l): 

if  (!t — type.eq(seg)  ||  not-too_many_tones( ) ) 
if  ( num.inferiors  <  infsz) 


117 


inferior[nuiii.inlcriors++]  =  seg: 
else  { 

infsz  =  .‘*iufsz:  //  Double  thr  number  of  <  omn  <  (ions  possible! 
ml  --  ( ( 'onnei tableSegmenl  **  )malloc(infs/tsizeof((  onnei  I  ableSegmenl  ♦) 
for  |i=t);  i<  mini-inferiors:  i  +  +) 
iuf[i]  =  inferiorfij: 
inf[nuiti-inferiors-f +]  —  M’f: 

cliar  *  (inferior); 
inferior  =  inf: 

} 

else  { 

connected. properly  =  FALSE: 
for  (i=0:  iCnum.inferiors:  i-r+t 
if  (t  —  type.ei|(inferior[i]  )>  ) 

for  (j=0:  j<inferior[i] —  num. superiors:  j  +  +) 
if  ( *inferior[i] — superior[j]  =—  *this|  ( 
delete. mini  =  j; 
break: 

} 

for  (j=delete.inim:  j<( inferior[i]  —  niim.superiors- 1 ):  J  +  +) 
inferior[i] — superior[j]  =  inferior[i] — superic»r[j+ 1]: 
inferior[i] — mini. superiors--: 
inferior[i]  =  seg: 
break: 

} 

I 

sortf ): 

//  Connect  seg  to  this  segment. 

( 'onnectableSegment  **stip: 

if  (!vow— tvpo.eq(this)  ||  seg—  not. too. many. vowels) )) 
iffseg — num.superiors  <  seg — supsz) 

seg— superior[seg — nuin.superiors-t-+]  =  this; 
else  { 

seg — supsz  —  2  *  seg — supsz:  //  Double  t lit*  number  of  connections  possibli 
sup  =  (('onnectableSegment  ** )iiialloc(seg — supsz  * 

sizeoff Connect ableSegment  * ) ): 

for  (i=t>;  i<seg — num.superiors:  i++) 
sup[i]  —  seg — superior[i]: 
sup[seg — num.superiors-f- 1-]  =  this: 
freef ( clrar  *)seg — superior): 
seg — superior  =  sup: 

} 

else  { 

connected.properlv  =  FALSE; 
for  (i=():  i<num_superiors;  i++) 
if  (vow — tvpe_eq(superior[i] ) )  { 

for  (j=0:  j<superior[i] — mini-inferiors:  j++) 
if  ( *superior[i] — inferiorfj]  ==  *lliis)  { 
delete.mim  =  j: 
break: 

} 

for  (j=delete_num:  j<(superior[i] — mini-inferiors- 1 ):  j++) 
superior[i] — inferior]]]  =  superiorfi] — inferior[j+ 1]: 
superiorfi] —  num  .inferiors— : 
superiorfi]  =  seg: 
break; 


1  IS 


-eg— -oil  (  I: 
delete  I ; 
del  to  \o\v; 

return  connected,  properly ; 


void  ( 'on  tier  tableSegnieut  "disconnect 1  ( 'omit  -ct  ahleSegnn  nt  •  My  I 
//  Kf<|tlir<>:  thi-  i-  (lie  superior.  -eg  i-  the  inferior 
//  Fitted:  di-eon  ne<  I-  I  lie  segments. 

(  _ 

int  <U  l<  a  _miin  =  tiiiiii-i»fmoi>+ 1 .  i; 
for  (i=n  :  i<  mini-inferior-:  i-(-+l 
if  (*(inferior[i]l  ==  *-eg)  { 

delete. mini  =  i: 
lireak: 

} 

if  (delete. Hum  >  miin.inlenoi-) 
return:  //  Not  connected, 
for  ( i=delele. niitu:  i<( iiuni.inferior-- It:  i  +  -f| 
inferior[i]  =  inferior[i+l]: 
num.inferior; — ; 

delete,  nil  in  =  -eg — nuni.superiors+ 1 : 
for  (i=():  i<seg — mini. superior-:  i++) 
if  (*(seg— superior[i])  ==  * t lii- )  { 
delete. I11III1  =  i: 

break: 

I 

if  (delete. nuin  >  -eg — nuin.-uperior-l 
return:  //  Not  connected, 
for  Undelete. mini:  i<(-eg — uuin.superiors- 1  ).  i  +  +) 
seg — siiperior[i]  =  seg — stiperior[i+ 1]: 

-eg —  n  iun.su  periors— : 

> 

void  break.crossiiigs(ConnectableSegnient»  -egl.  Conned  ableSegment* 
//  Break-  any  association  lines  crossed  In  the  connection  of  segl 
//  and  seg.’.  Requires  that  -egl  and  segj  are  not 
//  vet  connected. 

{ 

Pix  slpos  =  segl—  tier— find  (seg  I ): 

Fix  s.'pos  =  seg.’ — tier — find(seg_’ ): 

Pix  i.  j: 

Connect  ableSegment  *sl.  *s_’: 

i  =  slpos: 
j  =  s.’pos: 
seg  1  — tier — prev(  i ): 

-eg.' — tier — next  ( j ) : 

while  (i  ^  Nt'LL  kk  j  ^  NI’LL)  { 

if(  ( *segl  — tier  )[ij — conneots.directlv.fol  ( *segj — tierljj] )  I 

{ 

si  =  (Connect ableSegment  *)((*segl — tier)[i]): 
s-  =  (ConnectableSegnienl  *)((*segi — t ier )[j] ) ; 
s  1  — discon  nect  ( s  J ) : 

} 

segl  — tier — prev(i): 
segj — tier — next  (j ); 

} 


-eg.’) 


Ill) 


i  =  - 1  pos: 

I  =  s.’pos: 

sen  1  — Her — next  l  i ): 

m  i;.’ — t  ii  r — prevl j ): 

while  ii  ic  \  I  1.1.  ,U  i  y:  M  i  l.)  ( 

il'(  I  —  tier  )[i]— oonneots.dirccl  l\  _to(  (  *m 1  ier )[)])) 

{ 

>1  =  |  (  onneol.ibleSenimut  »  H  I  •M  ill — t It  I  ( [i] ) : 

-J  =  | (  unmet ableSenmenl  *((t*sen.’ — tier)[j]j; 

>1  — dis< on  met  |  | 


sen I  — I  ier— next  ( i ): 
sen-  — tier —  prevl  j 

} 

} 


Senl.ist  * lind-free .associates!  Senl.ist  *  choices.  <  oiuieelableSenmeiit  *  sen. 

( 'hart.V  chart ) 

//  Return  all  the  elements  of  choice*  that  freely  associate  with 

//  M\H- 

! 

Senl.ist  *  list  =  new  Senl.ist: 

for  I  I’ix  |)=choices — ti rst  (  ) :  p  yt  N  I  I.I.;  choices — next  |  p) ) 
if  ( chart  .freely. associate!  ( *choices)[p],  se^) ) 
list— append  1 1  *choices)[p] ): 
return  list: 

1 

void  ( 'on  tied  ableSenment  ::uo_d  n  plicate  .feat  tires!  ( 'ouneetabloSonment  *  sen. 

Map*  map.  int  ntiers. 
('liart.V  chart.  int*  tierjdx) 

//  Requires  -  this  has  not  yet  been  connected  to  sen .  and 
//  this  is  not  connected  to  more  than  one  feature  with 
/ /  t  lie  same  name. 

//  Effects  -  II  this  is  a  classnode  and  sen  is  a  feature. 

//  disconnects  this  from  any  features  with  the  same  name  as 

//  **R- 


( 'lass Node*  cn  =  new  ClassNode: 

Feature*  f  =  new  Feat  tire!  "blah"  ): 
itlt  loc; 

Pix  match: 

if  (on — ty pe.e<|(  t  his )  <V  ,k  f — type.eq(sen) ) 
for  (int  i=b:  i<num.inferiors:  i++) 
if  (f — tvpe.eq! in ferior[i] )  .V \ 

((Feature  *  )inferior[i] )  —  name.eql  (  Feat  tire  *)senl)  { 
match  =  skeletal_in_map(inferior[i].  map.  ntiers.  tier.idx.  chart, loc): 
if  ( match  )  { 

( 'onnectableSenment  *minf.  *msup: 

mini  =  (('onnectableSenment  * )map[loc][match]  —  rnle.sen: 
match  =  skeletal. in. mapl this.  map.  ntiers.  tier.idx.  chart,  loc): 
if  ( match )  { 

msup  =  (('onnectableSenment  *  )map[loo][matoh] — rnle.sen: 
msti|> — disconnect(  minf ): 

} 

} 
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disconnect  (in fcrior[i] ): 
break: 


} 

delete  cn: 
delete  f; 


void  add-Conuection(( 'onnectableSegment  *  Mi|>.  <  'ounce tableSegmenl  *  in(. 

Cliart.V  chart.  Map*  map.  illt  nliers.  int*  lier.idx. 
illt  remove_dups  =11) 

//  Make  a  connection  between  sup  and  inf.  accounting  for  things  like 
//  freely  associating  segments,  line  crossing,  and  language-specific 
//  tonal  parameters. 

//  Note  -  assumes  sup  is  superior  to  inf. 

{ 

( 'onnectableSegment *  seg; 

if  ( chart,  freely  .associate!  sup,  inf)) 
seg  =  sup: 
else  { 

Seg  List  *infs  =  sup — inferiors! ): 

Seg  List  *  fass  =  find_free_associates(infs.  inf.  chart); 
if  (fass — empty! ) ) 

error) "Unable  to  make  connection."): 
seg  =  ((  'onnectableSegment  *  (fewest -inferiors! fass); 

I 

break-crossings) seg.  inf); 
if  (remove.dups  AN  Iks) 

seg — no-dnplicate.feat tires! inf.  map.  ntiers.  chart,  tierjdx); 
seg — modified  =  TRI  E: 
inf — modified  =  TRUE: 
seg — connect  (inf): 

} 

void  ( 'onnectableSegment ::copv.aux( ('onnectableSegment*  seg. 

Ma|>  *map,  int  num.tiers. 
int  *tier Judex.  Chart V  chart. 

Tier**  replacement) 

//  Modifies  this  to  have  approximately  the  same  connections  as 
//  seg.  and  modifies  the  map  appropriately. 

{ 

int  i: 

//  Note  —  don't  need  to  add  any  connections  not  already  in  the  map  — 
//  they'll  be  added  later. 

//  Later  Note  —  unless,  of  course,  they  aren't  in  the  replacement 
//  chart  either  (except  as  inferiors  or  superiors,  of  course) 

( ’onnectableSegment  *sup.  *inf: 

Segment  *rtiel: 

Pix  match: 
illt  maplevel: 
int  was.replace: 

was.replace  =  FALSE: 

//  Connect  in  the  chart,  for  replacement, 
match  =  in_map( this.  map.  nuni-tiers.  maplevel): 
map[maplevel].next  ( match ): 
if  (match)  { 

niel  =  map[maplevel][match] — rnle-seg; 
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was.replace  =  ! malt  lie *s_any  .replacement  _el(  mel.  replacement.  maplewl): 


if  (was.replace)  j 

mail'll  =  map[maplevel][match] — chart.pos; 

inf  =  (( 'oniieotabkSe’gment  * )chart[ticr_imlex[maplevel]][match]: 
for  (i=():  icinf— mini-superiors:  i-M-j 

adeLconnection(inf — superior[i],  >eg.  chart .  map.iium.t iers.  tier. index ): 
for  (i=0:  i<i»f — num.inferiors:  i++) 

aelel-Connection(seg.  ini — inierior[i],  chart .  map.  nuni-tiers.  tier  .index ): 


//  Connect  based  on  t lie  map. 
if  I nuni -superiors)  ( 

match  =  in.tnaplthis.  map.  mini-tiers,  inaplevel): 

inf  =  (ConnectableSegment  * )map[maplevel][match] — rnie.seg: 

} 

for  (i  =  0:  iOumi-superiors:  i++)  { 

match  =  iii-inap(superior[i].  map.  nuni-tiers.  inaplevel): 
if  (match)  { 

snp  =  (ConnectableSegment  * )map[maplevel][match] — rnie.seg: 
sup — connect  (inf): 
if  (!  was-re place)  { 

match  =  map[maplevel][match] — chart.pos; 

sup  =  (ConnectableSegment  *  ((chart [tier-index[maplevel]][match]): 
add-connectionfsup.  seg.  chart,  map.  nutii-tiers.  tier-index): 

I 

}  else  { 

mat  ch=in. replacement  .chart  (superior[i],  replacement.  nuni-tiers.  maplevel): 
if  (match  ==  NULL)  { 

ConnectableSegment*  tmp  =  superior[i]: 

superior[i] — disconnect  (this): 

sup  =  (ConnectableSegment  *)tmp — copv(): 

add.connection(sup.  seg.  chart,  map.  nuni-tiers.  tier-index): 

tin  p — con  nect  ( t  his ) : 

} 
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if  (numJnferiors)  { 

match  =  in_map(this.  map.  num_tiers,  maplevel): 

sup  :  (ConnectableSegment  *  )rnap[inaplevel][match] — rule-seg: 

} 

for  (i  =  0:  icnum.inferiors:  i++)  { 

match  =  in_map(inferior[i],  map.  num_tiers.  maplevel): 
if  (match )  { 

inf  =  (ConnectableSegment  *)map[maplevel][inatch] — rule.seg; 
sup — connect(inf ): 
if  ( !was_replace)  { 

match  =  map[maplevel][match] — chart.pos: 

inf  =  (ConnectableSegment  *  ((chart [t ier.index[maplevel]][match] ): 
add.connection(seg.  inf.  chart,  map.  nuni-tiers.  tier-index): 

} 

}  else  { 

m at ch=in .replacement .chart (inferior[i]. replacement .  nuni-tiers.  maplevel ); 
if  (match  ==  NULL)  ( 

inf  =  (ConnectableSegment  * )inferior[i] — copv(); 
add.connection(seg.  inf.  chart,  map.  nuni-tiers.  tier-index): 

} 
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void  ( 'oniiectahleSegment  ::det aclil ) 

//  Detach  from  all  connection*  prior  to  deletion  ol  this. 

{ 

while  (mini-superiors) 

superior]!)] — disconnect  ( t  his); 
while  ( mint  -inferiors ) 
disconnect  ( inferior]!)]): 
freed  char  *|superior): 
free(  (char  *  (inferior ); 
superior  =  Nl’LL: 
inferior  ■  N 1'  LL; 

} 


void  Tier::del(  PixiN  loc) 

//  Delete  segment  at  loc.  and  remove  it  from  the  tier. 

{ 

Segment*  seg_to.be_deleted  =  segment s[loc]: 

seg.to.he-deleted — detach();  //  Make  sure  nothing  else  connects  to  it. 
segments. del(loc); 
delete  seg.to.be-deleted: 

} 

void  Tier::metathesize(  PixJc  mapJndex.  Pix  matchJoc.  Pix  curr.  inti. 

Tier  **replacement.  Map  *tnap) 

//  Move  segment  at  map-index  to  the  next  position  after 
//  matchJoc.  in  both  the  chart  and  ntap.  Note  that  the  locations 
//  mentioned  are  in  the  map.  which  should  contain  the  chart  locations 
/ /  well. 

{ 

Pix  match-index,  index,  oldidx.  find-index,  precede.index: 

Segment*  seg  =  segments[map[i][map-index] — chart.pos]; 

//  1  pdate  the  chart ; 

//  Remove  segment  from  original  position; 
match-index  =  map(i][map  Judex] — chart.pos: 
segments.del(  match-index): 

//  Find  the  place  to  put  the  segment: 
index  =  curr: 
find-index  =  matchJoc: 
do  { 

while  (index  ^  find-index)  { 
oldidx  =  index: 
replacement  [i] — next  (index ) : 

} 

precede.index  =  matches.any-map-el((*replacement[i])[oldidx].  map.  i); 
if  ( precede.index  ==  N(LL) 
find-index  =  oldidx: 

}  while  ( precedeJndex  ==  NFL  L  ); 

//  Put  it  there: 

index  =  segments. ins.after(  map[i][preeede-index] — chart .pos.  seg): 

/ /  (  pdate  the  map: 


as 
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match-data*  aid  =  new  inatrli-dala: 

aid — rule.seg  =  map[i][map-index] — rule.seg — surlace_copv|  ): 


if  (map[i][map_index] — rule.seg — is_connertable(  ))  { 

(  'onnectableSegment  tcopyee.  *<  op\ : 

copvee  =  (<  ’onnectableSegment  *  )map[i][map-index] — rnle.seg: 

copy  =  ( Connect  ableSegment  *)md — rule.seg: 

int  i; 

while  (copvee — nuiii-inferiors  >  II)  { 
copy  — con  tied  ( copvee— in  ferior[l  l]  1 : 
copvee — disconnect  (copvee — inferior[0] ): 

} 

while  (copvee — mini-superiors  >  0)  j 
copvee — superiorjb] — connect  (copy ): 
copvee — sit  periorftt] — d  isconnect(  copvee): 

I 

} 

tad — chart  _pos  =  index: 

inap[i]  ,del(  map-index ) : 

map[i]. ins. after) precede Jndex.  ntd ): 


iut  niinfmt  *d.  int  mini) 

//  Return  the  ntiniinuat  element  of  d[] 

{ 

int  min  =  99999999: 

int  i: 

for  (i=0:  icnttni:  i++) 
if  (d[i]  -1  4:4:  cl[i] < min ) 

min  =  d[i] : 

if  (min  ==  99999999) 
min  =  -1: 
return  m in: 

) 

(’onnectableSegment  *  genera(ized_eqv(  Connect  ableSegment*  a) 

//  Return  closest  segment  matching  a  that  would  be  found  in  the 
//  chart  tree. 

{ 

Vowel  ♦vow  =  new  Vowel; 

Consonant  *cons  =  new  Consonant: 

Tone  *t  —  new  Tone(l): 

Phonemic  *p  =  new  Phonemic; 

ConnectableSegaient  *astandin: 

if  (a — type.eql  vow)  ||  a — type.eq(cons))  { 
astandin  =  new  X; 

delete  vow:  delete  cons:  delete  t:  delete  p; 
return  (astandin): 

} 

if  (a — tvpe_eq(t))  { 

astandin  =  new  GenericTone: 

delete  vow:  delete  cons:  delete  t:  delete  p; 

return  (astandin): 

} 

if  (a— tvpe.eq(p))  { 

astandin  ■  new  GenericPhoneme; 
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delete  vow:  delete  cons:  delete  t;  delete  |>: 
return  (aslaiidin): 


return,  (a): 

} 


int  contains!  SegList*  list.  Segment*  seg) 

//  Does  list  contain  something  like  seg.’ 

{ 

Pix  p; 

for  (p  =  list — first();  p  /  NELL:  list  —  uextfp)) 
if  (seg — eqv((*list  )[p])> 
return  TRUE: 
return  FALSE: 

} 


SegList  *(.'onnectabIeSegment::inferiors( ) 

//  Return  the  recursive  inferiors  of  this 

{ 

SegList  *list  =  new  SegList: 
for  (int  i=0;  i<nunt-inferiors:  i+-t-)  { 
list  — append!  inferior[i] ); 
list  — join(  inferior[i] — inferiors! ) ): 

} 

return  list: 

1 


SegList  *ConnectableSegntent  ::superiors( ) 

//  Return  the  recursive  superiors  of  this 

{ 


SegList  *list  =  new  SegList; 
for  (int  i=l>;  i<  mint  .superiors;  i++)  { 
list  — append!  su  perior[i] ) : 
list  — join( superiorfi] — superiors! ) ): 

} 

return  list: 

} 


SegList  *ConnectableSegment::direct.superiors( ) 

//  Return  the  direct  superiors  of  this 

{ 

SegList  *list  =  new  SegList: 
for  (int  i=l):  i<nunt_superiors:  i++)  { 
list — append(superior[i]): 

> 

return  list; 

} 

int  Chart  ::is-Siiperior( Connect ahleSegment*  a.  ( ’onnectableSegnient*  b) 

{ 

if  (tree — eqv(a)) 
return  TREE: 
else  if  (tree — eqv(h)) 
return  FALSE: 
else  { 

SegList  *list  =  tree — connects_to(generalized  eqv(a)): 

C'onnectabh  Segment  *  aaa  =  convert  ( list .  list — first!)); 
if  (contains(aaa — inferiors! ).  generalizecLeqv(b))) 


return  TRI  E; 
return  FALSE; 

( 

i 

Segment  *fewest  inferiors)  SegList  *  choices) 

//  Friend  to  Connect ahleSegmeiit 

{ 

illt  min  =  99999999; 

Segment*  fewest  =  NELL: 

for  (  Pix  p=choices — hrst();  p  ^  NELL;  choices — next(p)) 
if  (convert (choices,  p) — numJnferiors  <  min)  { 
min  =  convert  (choices,  p) — numJnferiors: 
fewest  =  ( *choices)[p]; 

> 

return  fewest; 

} 

Pix  Tier::find(Segment*  seg) 

//  Return  the  location  of  seg  in  tier,  or  NELL  if  not  found. 

{ 

for  (Pix  i  =  segments. first ( );  i  ^  NULL;  segments. next ( i ) ) 
if  (*segments[i]  ==  *seg) 
return  i; 
return  NULL: 

} 

int  Connect  ableSegment  ::connects-directly-to(  Segment*  seg) 

//  Does  this  connect  directlv  to  seg? 

{  _ 

if  (seg — is_connectable( ))  { 

Connect ableSegment  *cs  =  (Connect  ableSegment  *)seg; 

int  i: 

for  (i=0;  i< numJnferiors;  i++) 
if  ( ( *inferior[i] )  ==  *cs) 
return  TRUE; 

for  (i=0  :  i<num_superiors;  i++) 
if  ((*superior[i])  ==  *cs) 
return  TRUE; 
return  FALSE; 

}  else 

return  FALSE; 

} 

int  exactly-contains(  SegList*  list.  Segment*  seg) 

/  /  Tests  by  == 

/ /  Is  seg  in  list? 

{ 

for  (Pix  p  =  list — first ( ):  p  ^  NULL:  list — next(p)) 
if(*seg  ==  *  ( *list  )[p] ) 
return  TRI  E: 
return  FALSE: 

} 


void  Connect  ableSegment :  :break_connect  ion  (Connect  ableSegment*  seg) 
//  Assumes  this  is  superior  to  seg. 

{ 

int  i: 
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if  (coiiiiects_directly_to(seg))  { 
disconnect(seg): 

return: 

} 

for  (i=0;  i<seg —  nuni-superiors:  i  +  +) 

if  (exactly  .contains!  seg — suporior[i] — superiors! ).  this)) 
seg — superior[i] — disconnect  (seg); 

} 

void  ( 'ounectableSegnient::spread( Pix  spread pos.  TierA  ctier.  (  hartiC  chart) 
//  spreads  along  ctier  starting  from  spread  pos.  in  chart. 

{ 

Pix  i: 

Connect ableSegment  *seg: 
int  num: 

int  is.su p  =  FALSE: 

Vowel  *vmv  =  new  Vowel: 

Tone  *t  =  new  Tone(  1 ): 

if  (contains) inferiors! ),  ctier[spreadpos]))  {  //  this  is  superior  to  esp 
num  =  num  Jnferiors: 
isjsup  =  TRUE: 

}  else  { 

num  =  num  superiors: 

} 

if  (spreads.right )  { 
i  =  spread  pos: 
ctier. next(i): 
while  (i  ^  NULL  kk 

(is.sup  ?  !t — type.eq(ctier[i])  ||  uot.too.many.tones( )  : 

!vow — tvpe.eq(ctier[i])  ||  not_too.manv.vowels( ))  kk 
!ct.ier[i] — connects. to_tier(*tier)  kk  !ctier[i] — is.a.houndarv( )) 

{  . 

if  ( ctier[i] — is.connect  able( ) )  { 

seg  =  (ConnectableSegnient  *)ctier[i]: 
if  (chart. freeIy_associate(this.  seg)) 
if  (is_sup) 
connect(seg): 
else 

seg — connect  (this): 

} 

ctier.  next(i); 


if  (spreads.left)  { 
i  =  spread  pos: 
ctier. prev(i): 
while  (i  ^  NULL  kk 

(is.sup  ?  !t — type_eq(ctier[i])  ||  not.too.niany.tonesf )  : 

!vow — type_eq(ctier[i])  ||  not.too.many .vowels) ))  kk 
!ctier[i] — connects.to.tier) *tier)  Ac  Ac  !ctier[i] — is.a.boundarv) )) 

{ 

if  ( ct  ier[i] — is.connectable( ))  { 

seg  =  (C’onnectableSegment  *)ctier[i]: 
if  (chart. freely  .associate!  this,  seg)) 
if  (is-sup) 
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connect  ( seg): 
else 

seg — connect  1 1  his ): 


ctier.prev(i): 


} 

delete  t: 
delete  vow: 

} 

int  Rule:: adjust  .connect  ions((  ‘onuect  ableSegment*  crel. 

( ’onneotahCSegment  *  cinel. 

Map  *map.  Fix  nipos. 

Chart  A  chart,  hit  i,  int  *tier.index) 

//  Returns  true  if  made  a  connection. 

//  Adjust  chart  and  map  connections  of  the  segment  pointed  to  by  cmel 
//  such  that  they  match  the  connections  of  crel.  and  apply  spreading 
//if  necessary. 

{ 

TierA  tier  =  chart  [tier  Jndex[i]]: 

Pix  matchJoc: 
int  loc; 

int  made-connection  =  FALSE: 

Connect ableSegment  *sup.  *inf: 

if  (crel — num.inferiors  ^  cmel — num-inferiors  || 

crel — nunt.superiors  ^  cmel— nunt.superiorsj  { 
int  ii.  jj: 

for  (ii=0:  ii<crel — nuin.inferior.s:  ii++)  { 
int  has.that.one  =  FALSE: 
for  (jj=D:  jj<cmel — num.inferiors;  jj++) 

if  ( *(  crel — inferior[ii] )  ==  *(cmel — inferiorjjj])) 
has.that.one  =  TRUE: 
if  (! has.that.one)  { 

matchJoc  =  in.map(crel— inferior[ii],  map.  num. tiers,  loc): 
if  (matchJoc  ^  NLfLL)  { 

TierA  tier2  =  chart[tierJndex[loc]]; 

inf=(  ConnectableSegment  * )( tier2[map[loc3[match  Joe] — chart.pos] ): 

sup=(ConnectableSegment  * )( tier[map[i][mpos] — chart.pos]): 

add.connection(sup,  inf.  chart,  map.  num.tiers.  tierJndex.  TRUE): 

inf  =  (ConnectableSegment  * )rnap[loc][match Joe] — rule.seg: 

sup  =  (ConnectableSegment  * )map[i][mpos] — rule.seg: 

sup — connect  (inf): 

made-connection  =  TRUE; 

}  //  Otherwise,  wait,  and  it'll  all  work  out.  . . 

} 

)  //  end  for 

for  (ii=();  ii<crel — num.superiors;  ii++)  { 
int  has.that.one  =  FALSE: 
for  ( jj=():  jj<cmel — num.superiors:  jj++) 

if(*(crel — superior[ii])  ==  *(cmel— superiorjjj])) 
has.that.one  =  TRUE; 
if  (lhas.that.one)  { 

matchJoc  =  in.map(crel — superior[ii],  map.  num.tiers.  loc): 
if  (matchJoc  ^  NULL)  1 

TierA  tier.'  =  chart[tie-Jndex[loc]]: 

inf=( ConnectableSegment  *)( tier2[map[loc][match_loc] — chart.pos]); 
sup=(  Connect  ableSegment  *  )(tier[map[i][mpos] — chart.pos]): 
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add. con nect ion( inf.  sup.  chart,  map.  mini-tiers.  tierJndex.  I  HI  Ei. 

sup  =  (ConnectableSegment  *  |map[i][mpos]— rule.seg: 

inf  =  (ComiedableSegmenl  *  )map[loc][matchJoc]  -rule.seg; 

slip — connect(inl ): 

made-connection  =  l  HI  E: 

}  //  Otherwise,  wait.  an<!  it  II  all  work  out.  • 

l 

)  //  etui  for 

for  (ii=0:  ii<cmel — nuni-inferiors:  ii++)  { 
int  has_that.one  =  FALSE: 
for  (jj=();  jj<crel— mini, inferiors.  jj  +  T) 

if(*(cmel — inferiorfii])  ==  *(rrel — infcriorfjj])) 
has.t  hat  .one  =  TRIE: 
if  (!has-that_one)  { 

match  Joe  =  in.replaceiiienl  .chart  (einel — inferiorfii]. 

replacement,  nuin.tiers.  loc): 

if  (mat ch Joe  ^  NELL)  { 

match  Joe  =  itumap(cmel— inferior[ii],  map.  mini-tiers,  loc): 

Tier  A:  tier-’  =  chart  [tier  Jndex[IocjJ: 

in  f=(  Connect  ableSegment  *)(tier_'[map[loc)[match_loc]— chart  ,pos]): 
sup=(  Connect  ableSegment  *)(tier[map[i][mpos]— chart _pos]): 
sup — break-connection  (inf ); 

inf  =  (ConnectableSegment  *)map[loc][inatchJoc] — rule.seg: 
sup  =  ( Connect ableSegment  *  )i«ap[i][mpox]— rule.seg: 
su  p — discon  nect  (inf): 

}  //  Otherwise,  wait,  and  it'll  all  work  out.  .  . 

}  //  etui  if 
}  //  end  for 

for  (ii=0:  ii<cmel — nuni-superiors:  ii++)  { 
int  has.that.one  =  FALSF,; 
for  (jj=0:  jj<crel — nuni-superiors:  jj++) 

if(*(cmel — superior[ii] )  ==  *(crel — stiperiorfjj])) 
lias.that.one  =  TREE: 
if  (Ihas-that-one)  { 

matchJoc  =  in. replacement  .chart  (cmel — superior[ii]. 

replacement,  num.tiers.  loc): 

if  (matchJoc  ^  NELL)  { 

matchJoc  =  in.mapfcmel — superior[ii],  map.  num.tiers.  loc): 

TierA  tier-’  =  chart  [tier  Jndex[loc]]: 

sup=( Connect ableSegment  * )( tior2[map[loc][match.loc]  chart .pos] ) 
inf=((’onnectableSegment  *  )(t  ier[map[ij[mpos] — chart  .pos] ): 
sup — break.con  nect  ion  (inf): 

sup  =  (Connect ableSegment  *)map[loc][matchJoc] — rule—seg; 
inf  =  (ConnectableSegment  * )map[i][mpos3— rule.seg: 
sup — disconnect  (inf): 

}  //  Otherwise,  wait,  and  it  II  all  work  out.  .. 

}  //  end  if 
}  //  end  for 

}  //  end  if  (same  number  connections  ') 
else  { 

if(crel — spreads)))  { 
int  ii.  nunt: 

Pix  chart  pos; 

ConnectableSegment  *cseg: 

if  (crel— inferior.to-spread.along  5^  NELL) 

for  (ii=l;  ii<crel — inferior. to_spread_along[0]:  ii++)  { 
num  =  crel — inferior.  I  o_spread_along[ii]: 

cseg  =  (ConnectableSegment  *)tier[map[i][inpos]— chart  .pos]: 
cseg — -spreads.right  =  crel — spreads,  right : 


cseg — spread-left  =  crel — spreads.lt  ft . 

matchJoc  =  in.iuaplcrel — i»ferior[num].  map.  mini-tiers,  lor): 
chart  pos  =  niap[loc][iiiatcli  Joe] — eliart-pos: 
cseg — spread(chartpos.  ehart[ticr  Jndex[loc]].  chart ): 
made.cotinection  =  [HI  E: 

} 

iflcrel — s  u  per  ior_to_spread- along  NUJ.) 

for  (ii=l:  ii<crel — superior-to-spread-alongfll).  ii++)  { 
nuin  =  crel — superior_tu_>pread-along[ii]: 

cseg  =  ( Connect ahieSegtnent  ♦  )tier[map[i][ntpos] — chart.pos]: 
cseg — spreatls.  right  =  crel — spreatls- right : 
cseg — spreads-left  =  crel — spreads.left : 

matchJoc  =  in.inaplcrel — superior[nuin].  map.  iium_tiers.  loc); 
chart  pos  —  niap[loc][matchJoc] — chart -pos: 
cseg — spread!  chart  pos.  chart  [tier  Jndex[locJ],  chart ): 
made-connection  =  TRIE: 


} 

} 

return  made-connection: 

} 


void  Chart::apph’-assoc-Conve«tioii( Pix  conlpos.  TierA'  fieri,  TierA  tierJ) 
//  needs  to  he  a  friend  of  connectahle.segment. . . 

//  Applies  the  association  convention  to  tiers  1  and  2. 

{ 

ConnectableSegrnent  *seg  =  (ConnectableSegment  *)(tierl[conlpos]): 
ConnectableSegment  *conseg.  *inf.  *sup: 

Pix  con-’pos,  p,  pi.  oldpl,  q: 
int  i: 

ConnectableSegment  **segconnection: 
int  segue: 

int  superior  =  FALSE; 

Vowel  now  =  new'  Vowel: 

Tone  *t  =  new  Tone(l): 

if  (is-tier_superior(tierl,  tierj))  { 
segconnection  =  seg — inferior: 
segne  =  seg — mini-inferiors: 
superior  =  TRUE: 

}  else  { 

segconnection  =  seg — superior; 
segne  =  seg — nunusuperiors: 

} 

for  (i=0;  i<segnc;  i++) 

if  (segconnection[i] — is-in.tier(tier2))  { 
conlpos  =  tier2.firid(segconnectiou[i] ): 

//  Associate  from  right  to  left: 
p  =  conlpos;  q  =  con2pos; 
tier.’.prev(q); 
oldpl  =  p: 

while  (p  ^  NULL  AA  !tierl[p] — is-a-boundaryf )  AN 
q  ^  NULL  V V  !tier2[q] — is_a_boundarv( )  AN 
!tier2[q] — connects_directly_to_tier(tierl ))  { 
pi  =  p: 
tierl.prev(pl): 

while  (pi  ^  NULL  AA  'tier l[pl] — •  is.a.botindarv( )  AA 
Itier  1  [p  1] — connect  s-directly_to_tier(tier2)  A’ A’ 


130 


|tierl[pl] — inert(  )  |[  t it-r j[t|]  —  inert)  1  || 

(freely  .associate)  t it-r  1  [p l ].  tier_'[q] ) ) ) 
tierl. prev(p)  ); 

if  (pi  #  Nl'l.L  AA  (lierl[pl] — i>.a_boundary( )  A.  .V 
(tierl  [pi] — connecl.s.direct Iv.to.t ier(  I  iei  2 ) )  j 
old  pi  =  pi; 
if  (superior)  ( 

sup  =  (( 'onnectableSeginent  *  )tierl[pl]; 
inf  =  (( 'onnectableSeginent  *)tier2[q]: 

}  else  { 

inf  =  (<  'onnectableSeginent  »)tierl[pl]: 
sup  =  (('onnectableSeginent  »)tier2[q]: 

} 

sup — connect  (inf); 
p  =  pi: 

tier2.prev(q);  } 
else  //  pile  up? 

if  ((pi  ==  NULL  ||  t ier  1  [p  1  ] — is.beginl))  V A' 

(oldpl  ^  NULL  A' A'  !tierl[oldpl] — inert))  At  !tier2[q] —  inert  ( ) 
freeIy_associate(tierl[oldpI].  tier2[q])))  { 
conseg  =  (( 'onnectableSeginent  *  )(tierl[oldpl]); 
if  (superior)  j 

if  ( !t — type_eq(tier2[q])  ||  conseg — not-too_many.tones( ))  { 
conseg— connect  ((Connect  ableSegment  *  )tier2[q]): 
tierJ.prev(q): 

}  else 
break: 

}  else  { 

if  (!  vow — type.eq(tier2[q])  ||  conseg — not_too.many_vowels( ))  { 
( ( Connect  ableSegment  *  )tier2[q] ) — connect  (conseg); 
tier.'.prev(q); 

}  else 
break: 

} 

} 

else 

tier2.prev(q): 

} 

//  Associate  from  Left  to  Right 
p  “  coulpos;  q  =  conJpos: 
tier2.next(q); 
oldpl  =  p: 

while  (p  ^  NULL  A  A  !tierl[p] — is.a_boundary( )  AA- 
q  ^  NULL  A: A'  !tier2[q] — is.a.boundary( )  AA 
!tier2[q] — con  nect  s.direc  t  Iv.to.t  ier( tierl ))  { 

pi  =  p; 
tierl. next(pl ); 

while  (pi  ^  NULL  A: A:  (tier  1  [pi] — is.a.boundarvj )  AA 
(tierl [pi] — con  nect  s_direetly_to.tier( tier? )  A  A- 
( tierl  [pi] — inert))  ||  tier2[q] — inert()  || 

(freely .associate) tier  1  [p  1].  tier2[q] ) ) ) 
tierl. next(pl ): 

if  (pi  ^  NULL  A'A-  (tier  1  [pi] — - is.a.boundarvj )  AA 
(tier  1  [pi] — coniiects_directly.to_tier( tier?) )  { 
oldpl  =  pi; 
if  (superior)  { 

sup  =  (ConnectableSegment  *)tierl[pl]: 
inf  =  (ConnectableSegment  *)lier2[q]: 

}  else  { 


A  A 


131 


inf  —  I  ( 'onnectableSegment  *  (tier  1  [pi]: 
sup  =  (ConnectableSeginent  *)tier2[q|: 

1 

su  p — comity'll  inf ): 

p  =  pi; 

ti<  .2.next(q):  } 
else  //  pile  up? 

if  ((pi  ==  NULL  ||  tierl[pl] — is.endl))  A.A’ 

(old pi  ^  NULL  A.A:  !tierl[oldpl] — inert ( )  A  A  !tier.’[q] — inert) ) 
ArA;  freely _asso<iate( tier  1  [old pi],  t ier j[q] ) ) )  I 
conseg  =  (ConneetableSegiiienl  *  )( tier  I  [oldp  I  j  |: 
if  (superior)  { 

if  (!t — type_eq( tier.fq] )  ||  conseg — not-too-iiiaiiv. tones) ) )  { 
conseg — connect ((ConnectableSeginent  * )tier_’[q] ); 
tier2.next(q); 

}  else 
break; 

}  else  { 

if  (!vow — type_eq(tier2[q]l  ||  conseg — not-too-inaiiy.vovvels( ))  { 
( (ConnectableSegment  * )t  ier2[q] ) — connect (conseg): 
tier2.next(q): 

)  else 
break: 

} 


else 

tier2.next(q): 

} 

} 

delete  vow; 
delete  t; 

} 

//  Note  that  we  must  guarantee  that  anything  on  a  given  tier  A  must  he 
//  uniformly  superior  or  inferior  to  anything  on  any  given  tier  B. 

ConnectableSegment*  Chart:: tier jn.tree(TierA:  tr)  { 
if  (tree — tier — name_eq(tr) ) 
return  tree: 

SegList*  infs  -  tree — inferiors)): 

ConnectableSegment*  cs: 

for  (  Pix  p  =  infs — first) );  p  ^  NULL:  infs — next(p)) 
if  ((*infs)[p] — tier — name,eq( tr))  { 

cs  =  (ConnectableSegment  *)( *infs)[p]; 
delete  infs: 
return  cs; 

} 

delete  infs; 

return  (ConnectableSegment  *)U; 

} 

int  Chart  ::is-tier_superior(  Tier  A:  tierl.  TierA  tier.') 

{ 

ConnectableSegment  *t  I .  *t2: 
tl  =  tier.in_t.ree(  tierl ); 
t'2  =  tier  _in_tree(  tier'd): 
if  (tl  kk  t2)  { 

if  (contains(tl — inferiors) ).  t'2)) 
return  TRUE: 
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} 

return  FALSE: 

} 

void  Chart::asso<  -.convention!  hit  *lier.imh-x.  int  . . -tiers) 

//  Finds  places  to  apply  the  association  convention.  ami  applies  it 

« 

int  i.  j: 

Pix  p; 

for  |i=0:  icnum.tiers:  i++) 

for  (j=i+l:  joium.tiers:  j++l  { 

TierV  lierl  =  *tier[tier.index[i]]: 

Tier  A  tier.’  =  * t i«*r[t i«*r_in<l«*x(J]] : 

for  |p  =  t it-r l .first (  ):  p  #  M'LL;  tier  1  .next)  p) ) 

if  ( t  it-r  I  [p] — motlihotl  A A  tierl[p] —  connects.directlv.to_tier(  tier.’ 1 1 
apply  .assoc.con  vent  ton( p.  fieri.  tierd): 


void  R ule: xonnert. map!  Map*  map) 

//  Connects  the  map  segments  to  match  the  connections  in  rule. 

{ 

int  i.  ii.  jj.  lor: 

Pix  p.  (|: 

int  has.that.one: 

Pix  match.loc: 

Connectable-Segment  *sup.  *inf; 

for  (i  =  0:  i<num_ tiers:  i++) 

for  Ip  =  original[i] — first) ).  q  =  map[i]. first! );  p  ^  N I  LL  AA  q  ^  N  I  LL. 
origi n al[i] — next ( p ) .  map[i] . next (q)) 
if  1 1  *original[i])[j>] — is_connectable( ))  ( 

ConnectableSegment*  rseg  =  (ConnectableSegment  *)|*original[i] )[(>]: 

( ’onnect ableSegment »  mseg  -  (ConnectableSegment  *)map[i][q]  —  rule.seg 

intA  rinfs  =  rseg — mini-inferiors: 

intA  rsups  =  rseg — ltum-superiors: 

intA  minfs  =  mseg — nuni-inferiors: 

intA  msnps  =  mseg — num-superiors: 

if  ( rinfs  >  ininfs) 

for  (ii=l);  ii<rinfs:  ii++)  { 
has.that.one  =  FALSE: 
for  (jj=0:  j.j<  minfs:  jj+-F) 

if  ( *(  rseg — inferior[ii] )  ==  *(  mseg— inferior[jj])) 
has.that.one  =  TRf  E: 
if  (! has.that.one)  { 

match  Joe  =  in.niapfrseg — inferior[ii].  map.  num.tiers.  lor): 
if  ( mat  ch.loc  ^  N  l  L  L )  { 

inf  =  (ConnectableSegment  * )map[lor][match.loc] — rule.seg: 
sup  =  (ConnectableSegment  *)map[i][q] — rule.seg: 
sup — connect  (inf): 


) 


if  ( rsups  >  msups) 

for  (ii=0:  ii<rsups:  ii++)  { 
has.that.one  =  FALSE: 
for  (jj=b:  jj< msups:  jj++) 

if(*(rseg — superior[ii])  ==  *(  mseg — superior[jj])) 
has.that.one  =  TRl  E; 


if  ( Ihas.t  liat  .0111  I  { 

match-loo  =  in.inapl  rseg - >n |>t ■  rior[n] .  map  nuiiite  is.  loo); 

if  |  match_loo  ?e  X  I  1. 1. )  { 

sup  =  ( ( 'onnei  lableSegmint  +  )map[i][q] —  ruh_>eg: 

ml  =  |(  'ounce lableSogmeiil  *  )map[loc][match_loo] —  i  ll  1>  _scg: 

sup— connect  |  ini  |: 

} 


void  < 'onnei  tableSegment : «■_ full v (  Map*  map.  int  1111111-tiers.  (hart<C  chart. 

int  *tier.idx) 

//  Delete  a  segment  ami  all  its  inferiors  not  louml  in  the  map. 

{ 

C  'onneetableSegment *  Imp: 

Pix  match: 
int  loo: 

while  ( nu m .superiors) 

superior[0] — disconnect  ( t  his); 
while  (numjnferiors)  { 
till))  =  in  ferior  [()] : 
if  (tm)) — n  uni  .superiors  <  .’)  { 

if  (!(skeletaLiii-iiia|)(tni|).  map.  liuni-tiers.  tierJdx.  chart,  loc)))  { 
tmp — delete.fullyl map.  mini-tiers,  chart.  tierJdx): 
if  (tmi> — tier)  { 

match  =  till))— tier — hiHl(tmp): 
if  ( match ) 

tm  p — tier — del(  match ): 

} 

}  else 

disconnect  (tmp): 

}  else 

disconnect  (tmp): 

I 

} 

void  delet e.segment (Tier.V  tier.  Map*  map.  int  tier.num.  Pixie  mpos.  int  ntiers. 
Chart iV  chart,  int  *tidx) 

//  Delete  a  segment  found  in  the  map  and  chart  but  not  in  the  replacement 
//  chart. 

{ 

Pix  loc  =  map[tier-iium][mpos] — chart. pos: 
if  (tier[loc] — is-Connectable( )) 

((ConneetableSegment  *)tier[ioc]) — delete.fully(map.  ntiers.  chart,  tidx); 
tier.del(loc); 

niap[tier-num]fnipos]  —  rule.seg — detach! ): 
delete  map[tier_n uni] [mpos] — rule.seg: 
map[tier-num][inpos] — rule.seg  =  NELL: 
delete  inap[t ier-iiu m][m pos] : 
niap[tier-iium].  insert  .at  (mpos.  XTLL  J: 
map[t  ier.num].del(  mpos): 

) 

void  Rnle::applicationK'hartic  chart.  Pix*  match  Judex,  int  *tier_index)  { 

//  Requires: 

//  (I)  Each  Pix  match Jndex[i]  in  match-index  points  to  the  first 
//  segment  of  a  portion  of  tier  chart  [tier  Jndex[i]].  a  portion 


//  that  matches  tin-  tier  replacement  [i]  of  the  rule  ul  which  this  is 
//  a  member  function.  The  match  must  be  appropriati  to  the  type  ol 
//  this  rule  (  That  is.  each  segment  marked  for  exact  matching  must 
//  match  exactly,  by  having  the  same  number  of  connections  to 
//  tiers  mentioned  in  the  rule.)  furthermore,  there  must  be  the  same 
//  number  of  elements  in  the  arrays  original,  replacement. 

//  match-index,  and  tier  Judex. 

//  |J)  Any  non-con nect able  segment  in  *original  must  also  be  found  in 
//  *  replacement .  Furthermore,  it  must  be  in  the  same  element  (tier) 

//  in  ♦original  as  in  ♦replacement,  and  within  a  given  element,  the 
//  colder*  of  non-connect  able  segments  must  be  the  same  between  the 
//  element  of  ♦original  and  the  corresponding  element  in  ♦replacement. 

//  (!)  The  arrays  original,  replacement.  matchJndex.  and  tier  Judex  must 
//  be  s(  t  up  such  that,  for  any  given  i  greater  than  or  erpial  to  zero 
//  and  less  than  mini -tiers  (a  slot  in  the  rule),  the  tiers  referred  to 
//  by  original[i],  replacement [i],  match Jndex[i],  and 
//  chart  [tier  Jmlex[i]]  all  correspond  (They  must  he  name.ecp 
//  etc.) 

//  Modifies:  chart,  and  conceivably  any  tier  or  segment  referred  to  directly 
//  or  indirectly  by  it. 

//  Effects:  applies  rule  to  chart,  and  applies  the  association  convention 
//  afterwards,  if  possible. 

Map  *map  =  new  Map[num -tiers]: 
match-data  ♦curr.el: 

Pix  curr.  cure.  oldc.  nipos.  matchJoc,  oldmpos: 

ilit  i: 

int  me  =  FALSE;  //  Made  connection 
int  made-connection  —  FALSE: 

FeatnreMatrix  *fm  =  new  FeatureMatrix: 

//  Make  map. 

for  (i  =  I);  i<nnm_tiers:  i-F-H  { 

Tier*  map.tier  =  new  Tier: 
map-tier— set -ttame(  original  [i] — name): 
map.tier — makeJdcntical-to(original[i]): 
cure  =  match  Jndex[i]: 

for  (curr  =  origiual[i] — firstf):  (curr  ^  iNT  LL)  AT  (cure  ^  M'LL): 
originalfi] — next  ( curr ) ) 

{ 

while  ((no-worddivs  A- A 

chart  [tier-index[i]][(:urc] — is_a.  word  boundary  ( )) 

||  ( no-inorplidivs  AA 

chart [tierJiidex[i]][curc]—is-a-niorphemeboun<lary( ))) 
chart  [t  ier  Jndex[i]].  next  ( cure ) : 
curr-el  =  new  match-data: 

curr.el — rule.seg  =  (*original[i])[curr] — surface_copv( ): 
curr-el — rule.seg — make_identicaLto((*original[i])[curr]): 
rurr.el— rule.seg — tier  =  map.tier: 
curr-el— chart  .pos  =  cure: 
m  a  p[i],  append  (curr-el): 

if  (curr.el— rule-seg — is.zer o())  //  Skip  zero  things, 

do  { 

oldc  =  cure: 

cure  =  curr-el — rule.seg — zeromatches(eurc.  chart [tier.indexfi]]. 

*original[i] ): 

while  ((no.worddivs  AA- 

chart[tier_index[i]][curc] — is.a.  word  boundary! ) ) 

||  ( no-inorplidivs  A  A 

chart  [tier  Jndex[i]][curc] — is-a.morphemeboundary  (  ) )) 


chart  [tier.index[i]]. next  (cure); 
}  while  (cure  ^  oleic): 
else 

chart  [tier_index[i]].  next  (cure); 


connect  .inapt  map): 

for  (i=0;  i<num. tiers;  i-f--H  { 

TierJc  tier  =  chart [tier.index[i]]: 
curr  =:  replacement [i]  —  first)): 
mpos  =  map[i].first( ); 
oldrnpos  =  NULL: 

while  (curr  ^  NULL  ||  mpos  ^  NULL)  { 

Segment*  rel  =  NULL: 

Segment*  mel  =  NULL: 

if  (curr  =—  NULL)  {  //  Delete  segment. 

if  (map[i][mpos] — chart.pos  ==  niatch.iudex[i]) 
match  Jndex[i]  =  (I; 

delete-segment  (tier.  map.  i.  mpos.  nuni-tiers.  chart,  tier-index ): 
continue: 

} 

if  (mpos  ==  NULL)  {  //  Insert  segment, 
rel  =  (*replacement[i])[curr]: 

Segment*  seg  =  rel — surface_copy( ); 

match-data  *md  =  new  match-data; 

md  —  rule.seg  =  rel — siirface.copy( ): 

ttid — rule.seg — make -identical_to(  rel): 

md — rule.seg — tier  =  tnap[i][oldinposj— ntfe.seg — tier: 

md — chart.pos  =  tier.ins-after(map[i][oldinpos] — chart.pos.  seg); 

tnpos  =  Jnap[i].append(md): 

if  (rel — is.connectable( ))  { 

ConnectableSegment*  cs  =  (ConnectableSegment  *)rel: 

ConnectableSegment*  cseg  —  (ConnectableSegment  *)seg; 

cs — copv.aux(cseg.  map,  num.tiers,  tier-index,  chart,  replacement); 

} 

} 

rel  =  (*replacement[i])[curr]: 
mel  =  map[i][mpos] — rule.seg: 
if  (*rel  ^  *mel)  { 

if  (matches.any-map-el(rel.  niap.  i))  { 

match-loc  =  matches.any-replacenient-el(inel.  replacement,  i): 
if  (matchJoc  ^  NULL)  //  Met  at  hesize  segment . 

tier. met athesizef mpos.  match-loc.  curr.  i.  replacement,  map): 
else  {  //  Delete  segment 
oldrnpos  =  mpos: 

if  (niap[i][mpos] — chart.pos  ==  inatch-index[i] ) 
match  -index[i]  =  t): 

delete.segment(tier.  map,  i.  mpos,  ninn.tiers.  chart,  tier-index): 

} 

}  else  {  //  Insert  segment 

if  ( !matches_any-replacement_el(mel.  replacement,  i)  kk 
fm — tvpe-ecj(rel))  { 

FeatureMatrix  *chartfrn.  *relfm: 

chart.fm  =  (FeatureMatrix  *)tior[map[i][mpos] — chart.pos]; 

relfin  =  (FeatureMatrix  *)rel: 

relfm — copy  .feat  ures(  chart  fm): 

map[i][mpos] — rule.seg — make_identical.to(  rel ); 


//  A  is  a  cheap  hack  to  make  identical  without  messing  with  cons. 

}  else  { 

Segment*  seg  =  rel — surface_copy(  |: 

match-data  *md  =  new  match-data: 

mil  —  rule.seg  =  rel — surface  .copy)  ): 

mil  —  rule.seg — inake_identicaI_to(  rel): 

mil — rule.seg — tier  =  map[i][mpos]  —  rule  .seg — tier: 

mil — chart-pos  =  tier. insert ( map[i][mpos] — chart-pos.  seg): 

olilmpos  =  mpos: 

mpos  =  map[i].ins-before(mpos.  mil): 
if  ( rel — is_connectable( ) )  { 

ConiiectahleSeginent*  cs  =  (('onnectableSegment  *)rel: 

( 'onuectableSegment*  cseg  =  (('onnectableSegment  *)seg: 

cs — cop\-aux(cseg.map.num-tiers.  tier_index.  chart,  replacement) 

} 

} 

}  //  end  if  (matches. . .) 

}  //  if  (rel  ^  mel) 
else  {  //  Adjust  connections: 
if  (rel — is-connect  able( ) )  { 

(’onnectableSegment*  crel  =  (('onnectableSegment  *)rel: 
(.'onnectableSegment*  cmel  =  (('onnectableSegment  *)mel; 
me  =  adjust.connectious(creI.  cmel.  map.  mpos.  chart,  i.  tier-index): 
made-connection  =  (me  ||  made-connection): 

}  //  if  (rel.is-conuectable( )) 
replacement  [i] — next(curr): 
oldmpos  =  mpos; 
map[i].next(mpos): 

}  //  end  if  ( rel  ^  mel ) 

}  //  end  while 
}  //  end  for 
deleteQ  map: 
delete  fm: 

//  Association  convention, 
if  (made-connection) 

chart. assoc.convention( tier-index,  nuitt-tiers); 

} 


C.3  Matching 

//  matching.ee 
finclude  " tones. h" 

extern  (’onnectableSegment*  convert (SegList*.  Fix); 

int  Tier: :is.applicable( Tier  **applicable_tier.  ilit  num.tiers) 

//Is  this  an  applicable  tier  (is  it  mentioned  in  the  rule?) 

{ 

for  (int  i=0:  iCnum-tiers;  i++) 

if(id_num  ==  applicable_tier[i] — id_num) 
return  TRTE; 
return  FALSE: 

} 

;ut  matches_exactly(ConnectableSegment*  rseg.  (.'onnectableSegment*  seg. 
Tier**  ap.tier.  int  nutii) 

//  Does  seg  match  rseg  exactly? 

I. '1 7 


{ 

iut  nuni-applirahle.couiicrtious  =11: 
iut  nuni-connections  =1): 

SegList*  sups  =  rseg — superiors)): 

SegList*  infs  =  rseg — inferiors)): 

Fix  p: 

for  (p  =  su[>s — first)):  p  ^  NULL:  sups — next(p)) 

if  )!(*sups)[p] — tier  ||  )*sups)[p] — tier — is.applicable)  ap.tier.  iiuin ) ) 
nu  in. connect  ions+  +  : 

for  )[>  =  infs — hrst ( ) :  p  ^  NULL:  infs — m  xt(p)) 

if  ( ?( *infs)[p] — tier  ||  (*infs)[pj — tier — is.applicable)  ap.tier.  mini)) 
iiuin_connections++: 
delete  sups: 
delete  infs: 

sups  =  seg — superiors) ): 
infs  =  seg — inferiors) ); 

for  (p  =  sups — hrst)):  p  ^  NFLL:  sups — next(p)) 

if  ( !(*sups)[p] — tier  ||  )*sups)[p] — tier — is.applicable(ap.tier.  mini)) 
iiuni_applicable-contiectioiis++; 
for  (p  =  infs — first)):  p  ^  NULL:  infs — next(p)) 

if  )!(*infs)[p] — tier  ||  )*infs)[p] — tier — is. applicable) ap.tier.  mini)) 
num.applicable-coimections++: 
delete  sups; 
delete  infs: 

if  (liuni.applicable.connections  ^  nuni.connections) 
return  FALSE: 
return  TRUE: 

} 


int  matches.roughly)  Connect  ableSegment*  rseg.  Connect  ableSegment*  seg. 
Tier**  ap.tier,  int  nuni) 

//  Does  seg  match  rseg  roughly? 

{ 

int  nuni.applicable.coniiections  =  0; 
int  nuni.connections  =  0: 

Fix  p: 

SegList*  infs  =  rseg — inferiors)): 

for  (p  =  infs — first));  p  ^  NULL;  infs — next(p)) 

if  )!(*infs)[p] — tier  ||  (*infs)[pj — tier — is.applicable) ap.tier,  nuni)) 
nuin_connections++: 
delete  infs; 

infs  =  seg — inferiors)); 

for  (p  =  infs — hrst)):  p  ^  NfrLL:  infs — next(p)) 

if  ( !( *infs)[p] — tier  ||  )*infs)[p] — tier — is.applicable) ap.tier,  nuni)) 
nuni_applicable-Connections++; 
delete  infs: 

if  ( liuni.applicable.connections  <  nuin.connections) 
return  FALSE: 
return  TRUE; 

} 


Pi 


{ 


x  Connect  ableSegment -.-.matches)  Pix  seg.  TierA  tier. 

Tier  **applicable.tier. 
int  nuni.tiers) 

//  Does  the  segment  at  location  seg  match  this?  If  so 
//  return  the  next  position.  If  not.  return  NULL. 
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Segment*  segment  =  tier  [seg]: 
Pix  eurrpos  -  seg: 


tier.uext(currpos); 

if  | segment — is_connectahle(  ))  { 

( ‘onnectableSegmeiil  *  cs  =  (( ’onnectableSegiiieiit  *  (segment: 
return  ((eq(cs.  applieable.tier.  nnm.tiers) )  ?  eurrpos  :  (  Pix  )<-!))'• 

}  else 

return  ((eq( segment,  applicable,  tier.  mint-tiers))  ?  eurrpos  :  (  Pix )( - 1 ) ) 


iut  (*onnectableSegiiient::eipial(('oiiiiectableSegnient*  seg.  Tier**  ap.tier. 

int  iium.tiers) 


//  Is  seg  equal  to  this? 


return  (eqv(seg)  A A  ( ’tier  ||  !seg — tier  ||  tier — naine.eq( *seg — tier))  A  A 
(is.exact  ||  iiiatciies.roiighlyl  this.  seg.  ap.tier.  mini-tiers))  AA 
(lis.exact  ||  niatches.exactl_v(tliis.  seg.  ap.tier.  uuiii.tiers))): 


void  sort  Jist(  Seg  List*  si) 

//  Sort  list  of  segments  based  on  tier  position. 

{ 

if  (si— empt  v( ) ) 
return: 

Pix  p.  q; 

int  swapped  =  TRI  E: 

Segment*  tmp: 

while  (swapped)  { 
swapped  =  FALSE: 

for  (p  -  si — first ( ):  p  ^  NELL;  si — next(p)) 

for  (q  =  p.  si — next(q):  q  ^  NULL:  si — next(q)) 
if((*sl)[p] — tier  A  A  |*sl)[q] — tier  A  A 

( *sl)[p] — is.act ually.in.tier(*(*sl)[p] — tier)  A  A 
( *sl )[q] — is.act ually.in_tier(*(*sl)[q] — tier)  A  A' 
*(*sl)[p] — tier  ==  *(*sl)[q] — tier  A'A 
( *sl)[q] — tier — precedes) (*sl)[q],  (*sl)[p]))  { 
tntp  =  (*sl)[p]: 
si — insert.at(p.  (*sl)[q](: 
si — insert.at(q.  tmp): 
swapped  =  TREE: 

} 

} 

} 


int  in_order(( 'onnectableSegment*  seg.  SegList*  choices. 

Tier  **ap_tier.  int  num) 

//  Is  seg  the  first  thing  on  its  tier  within  choices? 

//  Requires  -  the  segs  in  choices  are  connectable. 

I 

for  (Pix  (>  =  choices — first():  p  ^  NELL:  choices — next(p))  { 

(.'onnectableSegment*  cseg  =  (('onnectableSegment  *)(*choices)[p]: 
if  (seg — equalfcseg.  ap.tier.  num)) 
return  TREE: 
if  (seg — tier  AA 

(!(*choices)[p] — tier  || 
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seg —  t;~r — name.eq)  *|  *choices)[p] —  tier) ) ) 

return  FALSE: 

} 

return  TRUE: 

} 

iut  (’oilliectableSegment::delete_best_match(SegList*  choices.  Tier  **ap.tier. 

int  mini )  { 

iut  mill  =  9999999; 

Fix  minloc: 

for  (Fix  p  =  choices — first():  p  ^  NULL:  choices — next(p)) 
if  ( ( *choices)[p] — is.connectable) ))  { 

( 'onnectableSegment  *es  =  (('onnectableSegment  *)(  *choices)[p]: 
if  (equal(cs.  ap.tier.  nuin)  Ac  Ac  in_order(cs.  choices.  ap.tier.  num) 

Ac  Ac  (cs — muii-superiors  +  cs — nuinJnferiors  <  min))  { 
min  =  cs — nuni-superiors  +  cs — num.inferiors: 
minloc  =  p: 


} 

if  (min  ==  9999999) 
return  FALSE; 
else  { 

choices — del(  minloc); 
return  TRUE: 

} 


int  ConnectableSegment::eq(C'onnectabieSegment*  seg.  Tier**  ap.tier.  iut  nnmtrs) 

{ 

if  (!ec[Ual(seg,  ap.tier.  numtrs)) 
return  FALSE: 

SegList  *  rinflist  =  inferiors! ); 

SegList  *  cinflist  =  seg — inferiors) ): 

ConnectableSegment*  cs; 

int  matches; 

int  not.exact  =  TRUE; 

Pix  p.  q; 

for  (p  =  rinflist — first():  p  NULL:  rinflist — next(p)) 
if  (convert  (rinflist.  p) — is.exact )  { 
not.exact  =  FALSE: 
break; 

} 


p  =  cinflist — first) ); 
while  (p  ^  NULL) 

if  (not.exact  AcAc  (is.exact  Ac  Ac  ( tcinflist  )[p] — tier  AAc 
!(*cinflist )[p] — tier — is. applicable) ap.tier.  numtrs)) 
cinflist — del(p); 
else  { 

matches  =  FALSE: 

for  (q  =  rinflist — first)):  q  ^  NULL:  rinflist — next(q)) 

if  (convert  (rinflist,  q) — equal) convert  (cinflist.  p).  ap.tier.  numtrs)) 

{ 

matches  =  TRUE: 

break: 
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} 

if  ( matches) 

ciiiflist —  next(p): 
else 

ciiiflist — del(p); 


sort  .list  ( rinflist ): 
sort  .list  (rinflist ): 


for  (p  =  rinflist — first)):  p  ^  NULL:  riuffist — uext(p))  { 
cs  =  convert) rinflist.  p): 

if  (!cs — delete,  best  .match  I  cinflist .  ap.tier.  iiiimlrs)) 

{ 

delete  rinflist: 
delete  rinflist: 
return  FALSE; 


} 


} 


delete  rinflist; 
delete  ciiiflist: 
return  TREE: 

} 

Pix  C_0::zeroinatches(  Pix  seg.  TierAc  ctier.  Tier  A  rtier) 

{ 

Pix  c: 

iut  i,  count  1=0.  count  .'=0: 

c  =  rtier. current: 
rtier. next(c): 

while  (c  ^  NULL  kk  cons.type.eq(rtier[c]))  {  //  num  matching  in  rule  tier. 
countl++: 
rtier.  next(c): 

} 

c  =  seg; 

while  (c  ^  NULL  kk  cons.type.eq(ctier[c]))  {  //  num  matching  in  chart  tier. 
count2++; 
ctier.  next(c): 

} 

if  (count'2  <  count  1)  //  The  rule  can't  possibly  match. 

return  (( Pix)(-1 )): 
else  { 

for  (i  =  0;  iCcount.l;  i++) 
ctier. prev(c); 

return  c: 


Pix  V.O::zeromatches(Pix  seg,  TierAc  ctier.  TierAc  rtier) 

{ 

Pix  c: 

int  i,  countl=(l.  count2=U; 

c  =  rtier. current: 
rtier. next(c): 

while  (c  #  NULL  Ac  Ac  vow.tvpe_eq(rtier[c]))  {  //  num  matching  in  rule  tier. 
countl++; 


Idi 


rtier. next(c); 


1 

c  =  seg: 

while  (c  ^  NULL  Ac  A:  vow.lype.eq(ctier[c]))  {  //  mini  matching  in  chart  tier 
count_’+  +  ; 
ctier. next(c): 

} 

if  (count.'  <  count  1)  //  The  rule  can't  possibly  match. 

return  ((  Pix)(-1 )); 
else  { 

for  (i  =  0:  i<count  1;  i++) 
ctier. prev(c): 

return  c; 


Pix  X-O::zeroniatches( Pix  seg.  TierA-  ctier.  fieri  rtier) 

{ 

Pix  c: 

int  i.  count  1=0.  count. '=0; 

c  =  rtier. current: 
rtier. next(c): 

while  (c  ^  NULL  A  A  x.tvpe.eq(rtier[c]))  {  //  niuri  matching  in  rule  tier. 
countl  +  +  : 
rtier.  next(c): 

} 

c  =  seg: 

while  (c  5^  NULL  A: A.-  x.type.eq(ctier[c]))  {  //  mini  matching  in  chart  tier, 
count  2++; 
ctier.  next(c): 

} 

if  (count  j  <  couutl)  //  The  rule  can't  possibly  match. 

return  (( Pix)(-1 )): 
else  { 

for  (i  =  0:  iccountl:  i++) 
ctier. p'evlc): 

return  c: 

} 

} 

int  ConnectableSegnient::connects_directly-to.tier(TierA  ctier)  { 

int  i: 

for(i=0:  i<nunt superiors;  i++) 
if  ( superior[i] — is.in_tier(ctier ) ) 
return  TRUE; 

for(i=0:  i<numJnferiors;  i++) 
if  (inferior[i] — is.in.tier(  ctier)) 
return  TRUE: 
return  FALSE: 

} 

int  Segment ::isJn_tier(TierA-  intier)  { 
return  ( tier — name_eq(  intier ) ) ; 

} 

int  Segment.::is_actually_in_tier(TierA  intier)  { 
if  ( ’tier  ||  *tier  ^  intier) 
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return  FALSE 

for  I  Fix  p  =  intier. first) ):  p  5^  M  I.I.;  intier. next)  p) ) 
if  ( *int  ier[p]  ==  *tliis) 
return  TREE: 
return  FALSE: 


illt  ( 'onnectableSegmeut  "connects. to_t  ierl  Fieri  diet)  { 
SegList  *Mips  —  topmost  .superiors) ): 

SegList  tinls  —  mu  SegLEt: 

Fix  p: 

for  |p  =  sups — first)):  p  N  I'LL:  sups — uext(p))  { 
if  (( *sups)[p]— is  .in.tior(ctier) I  { 
delete  sups; 
delete  infs: 
return  TREE: 

) 

infs — )oinfconvert(sups.  p) — inferiors) )); 

} 


for  (p  =  infs — first)):  p  ^  NELL:  infs — next ( |» ( > 
if  )|*infs)[p] — is.in-tierlrtier))  { 
delete  sups; 
delete  infs: 

return  TRI'E: 

} 

delete  sups: 
delete  infs: 
return  FALSE: 

} 


void  R u  le::  find  .closest  .usable. r  ule.segnien  I  ( int  this.tier)  { 

Tieri  ot  =  *original[this_tier]: 

if  (this.tier)  //  If  there  are  done  tiers,  get  the  first  unconnected  instead 
while  (ot. current  ^  NELL  tck  (unconnected) this.tier)) 
ot.next(ot. current ): 

} 

int  Rule::unconnect.ed(int  this.tier)  { 

Tier  A-  ot  =  *original[t  his.  tier]: 
if  (ot[ot. current] — is.connectable) ) )  { 

SegList*  sups  =  ((C'onnectableSegnieiit  *)ot[ot  .current]) — superiors)) 
int  unconnected  =  TREE: 

for  (int  i=():  i<this_tier;  i++) 

for  (Fix  p  =  sups — first)):  p  ^  NULL:  sups — next(p)) 
if  ((*sups)[p] — is.in.tier(*original[i]))  { 
delete  sups; 
return  FALSE: 

} 


delete  sups: 

} 

return  TRUE: 

} 


Fix  Rule::match(TierA:  tier.  Tier  **applicable.tier.  int  num.tiers. 
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int  this.tier) 

//  If  lilt-  rule  matches  tier  at  an\  point  including  or  alter  tici  .current . 

//  ret  urns  the  index  (Pix)  of  the  match.  Otherwise,  returns  (PixM-l). 

//  Does  NOT  modify  tier. current 

TierA  ot  =  *original[this.tier]: 

Pix  cttrrpos.  olclpos.  matchpos: 
int  matched: 

cttrrpos  —  tier. current: 
matched  =■  FALSE; 
matchpos  =  MIL. 
ot. current  =:ot.hrst|): 

h  ltd. closest _  usable.  rule_segment(  this.tier  )• 
if  (ot. current  ==  NULL)  { 
matched  =  TR1  F: 
return  matchpos: 

} 

Segment*  first.seg  =  ot[ot .current]: 

while  ((matched)  { 
do  { 

oldpos  =  currpos; 
if  ( first_seg — is_zero( ) ) 

currpos  =  first_seg—  zeromatches(currpos.  tier,  ot); 
else 

currpos  =first_seg — matches) currpos.  tier,  applicable.tier.  nuni.tiers) 

if  (currpos  —  =:  ( Pix )(- 1 ) )  { 
matched  =  FALSE'.: 
currpos  —  oldpos: 
tier.next(currpos):  } 
else 

matched  =  TRUE; 

}  while  ((matched  AA  currpos  ^  NL:LL  A  A  currpos  ^  (  Pix )( - 1 ) ): 

if  ((matched) 

return  ( (  Pix )(- 1  > ): 

//  The  first  position  has  matched  —  save  the  position  and  check  the  rest, 
matchpos  =  oldpos: 

while  (matched  AA  ot. current  ^  NULL)  { 
ot.  next  (ot. current ); 
if  (ot. current  ==  NULL) 
break;  / /  The  tier  matches. 

while  ((no.worddivs  A  A  tier[currpos] — is.a_wordboundary( ) )  || 

(no-morphdivs  AA  tier[currpos] — is_a.morphemeboundary( ))) 
tier.next(currpos): 
if  (currpos  ==  NULL)  { 
matched  =  FALSE: 
break; 

} 

Segment*  test_seg  =  otfot  .current]; 
if  ( test_sc'g — is_zero( )) 

do  { 

oldpos  =  currpos: 

currpos  =  test.seg — zeromatches( currpos,  tier,  ot): 
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while  |  (  iio.tvorddivs  AA  lierfcurrpos] — is.a-tvordboundai  v|  ) )  jj 

(  no.tnorphdiv>  A  A  ( it  r[<  urrpos] —  C.a.morphi'mt  boundary  |  j t ) 
I  ier.next  |  currpos): 

(  while  (currpos  ^  oldpos): 
else 

currpos  =  test_>eg — matches|currpos.  tier,  applicable .tier.  lium.t ids  1: 
if  ((currpos  ==  I  Pix )(- 1 )  I ) 
matclied  =  FALSE: 

i 

if  (Imatched)  { 

ot  .rum nl  =  ot  first ( |: 

find_closest_usable.rule-segmeut(  1  Ids.  tier ): 
rurrpos  =  matchpos: 
tier.next(currpos): 

} 

} 

return  (matchpos): 

} 


C.4  Input/Output 

//  i'vcc 

•include  "StrTable .h" 

•include "StrStack.h" 

int  longest. phoneme: 
lilt  eof; 
int  eophrase: 
int  duple: 

extern  Chart  chart: 
extern  StrTable  tbi: 

int  is.valid_ste(StrTableEntry*  ste)  { 

returilfste — segment  AA  (ste — is.phoneme  |[  !ste — segment — is.connectable( ))): 

} 

void  determine_longest_phoneme( ) 

{ 

longest.phoneme  =  0: 

for  (  Pix  p  =  t bl.fi rst ( ) ;  p  ^  NULL:  tbl.next(p)) 

if  (is_valid_ste(tbl[p])  A- A:  strlen(  tbl[p] — name)  >  longest.phoneme) 
longest.phoneme  =  strlen(tbl[p] — name); 

} 

int  is.vvord.div(char  ch)  { 

return  (ch  ==  '  '  ||  ch  ==  '#'): 

} 

int  is_phrase_div(char  ch)  { 

return  (ch  ==  An"  ||  ch  ==  ||  ch  ==  ’VC): 
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) 

void  error)  const  char*  si.  const  char*  sj  =  ”"(  { 

ccrr  <  si  <  s.»  <  An': 
exit (  I ): 

( 


char  gct_char(istreainA  iiililc.  StrStack*  stk)  { 
char  c: 

if  (c  =  stk— pop(  )) 
return  i : 
else  ( 

if  |!infile.get(c))  j 
eof  =  I'  H I '  H ; 
return  '\0‘: 

}  else 
return  c: 

I 

} 

void  eat_word.divs(istreainA  infile.  StrStack*  stk)  { 
char  rli  =  get  _char(  infile.  stk): 
while  (ch  A  A  is.word.div(ch)) 
ch  =  get  _char(  infile.  stk): 
if  ( infile. eof( )) 

cof  =  trie;: 

else 

stk — push(ch); 

} 

void  eat  Jine(istreamA  infile.  StrStack*  stk)  { 
char  ch  =  get  .chart  infile,  stk): 
while  (ch  AA  ch  ^  An  ) 
ch  =  get_char(infiie.  stk): 
if  ( infile. eof( )) 
eof  =  TRIE: 

} 

void  eat.worcLaiul.phrase.divs(istreaniA  infile.  StrStack*  stk)  { 
char  ch  =  get_char(infile.  stk): 

while  (ch  AA  (is.word.div(ch)  ||  is.phrase.div(ch)))  { 
if  (ch  =='%') 

eat -line(  infile.  stk): 
ch  =  get  _char(  infile.  stk); 

} 

if  ( infile. eof( ) ) 
eof  =  TRUE; 
else 

stk — push(ch ); 

} 

void  StrStack::push(cliar  c) 

{ 

if  ((top  -  rep  +  1 )  >  sz)  { 
sz  =  1  *  sz: 

char*  newrep  =  (char  *)ntalloc(sz); 
strcpv(  newrep.  rep): 
top  =  newrep  +  (top-rep): 
free(rep): 
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lip  =  new  ri  p: 


*lop+  +  =  i  : 


char  SlrStai  k::pop|  I 

{  _ 

if  ( lop  =  =  rep) 
return  \o  : 
el.se 

return  *— top: 


Segment*  read-segment  I  istreamA  infile.  StrStack*  stk)  { 

StrTableEntrv  *seg  =  Nl  I.I.: 

StrTableEntrv  * t  rial: 

char  treading  =  (char  *)malloe( longest. phoneme): 
hit  length  =  0; 
illt  goodlengt  li  =  It; 
char  ch; 

while  (length  <  longest. phoneme)  { 

if(!(ch  =  get.charl infile,  stk)))  { 
eof  =  TREE: 

break: 

} 

if  ((is.word.div(ch)  ||  ch  ==  '  +  '  ||  is_phrase.div(ch ))  A .V  length  >  It) 
stk — pnsh(ch): 

break: 

) 

if  (is.phrase.div(ch))  { 
eophrase  =  TREE: 
eat  .word.  and.  phrase  _divs(  infile,  stk): 
seg  =  tbl.find("3s")‘- 
break: 

) 

if  (is.word.div(ch))  { 

eat _word_divs( infile,  stk): 
seg  =  t  bl.findf  "3  w” ): 
break: 

} 

if  (ch  ==  '+'  AA  length  =  =  0)  { 
seg  =  t  bl.findf  "3b"): 
duple  =  TREE: 
break; 

} 

if  (ch  ==  Vt '  A  A  length  ==  II)  { 
eat  Jine( infile,  stk): 
eophrase  =  TREE: 
eat  .word. and.phrase.divs(inhle.  st  kb 
seg  =  t  bl.findf  "3  w"): 
break: 


reading[length  ++]  =  ch: 
reading[length]  =  AO': 
if  (strcmp( reading.  "3w")  ==  0) 
eat .word.divs( infile,  stk): 

if  ((trial  =  t  bl.findf  reading))  AA  is.valid.st  eft  rial))  { 
goodlengt  h  =  length; 


seg  =  trial: 

I 

} 

if  (seg  .VC  seg  =  =  t  hi.  find)  "b  ["  ) )  { 
while  (guodlenglh  <  length) 
st  k— pnshl  re;.ding[—  lengt  li] ): 
free|  reading ): 
cat .word.dii si iithlc.  st  k  I: 
return  I  read-segment  |  inhlc.  slkli: 

I 

if  (seg  .V ,V  goodlcngth  <  length) 
while  (goodlength  <  length) 
st  k — push)  read  ill  ft[—  1'  ngt  li] ): 

if (scr)  { 

free)  reading ): 
return  seg — segment : 

}  else  {  //  Only  ignore  ONE  hail  character  at  a  time, 
while  ( length  >  1 ) 

st  k — pushl  reading[—  lengt  h] ): 
free(  reading); 
return  (Segment  *)t>; 

} 


void  ( 'onnectahleSegment::safe.detach| )  { 
while  |  nuni -superiors) 

superior[o] — disconnect  ( this): 
while  ( mini  inferiors) 
disconnect  ( inferior[(>] ); 

} 

void  disconnect. tones(('onnectableSegment*  os) 

i 

SegList*  infs  =  os — inferiors) ): 

OenericTone  *tn  =  new  OenericTone: 
for  (Pix  p  =  infs — first ( ):  p  ^  NELL:  infs — next < p ) J 
if  ( tit — t  vpe.eq((*infs)[pj))  { 
convert  (infs,  p) — safe.detach( ): 
break: 

} 

delete  tn: 
delete  infs: 

1 


void  Chart ::add_skelet al.segf Connect ableSegnient *  cs) 

{ 

SegList*  infs: 
cs — tier  =  tierfl)]: 
tier[0] — append(cs); 
infs  =  cs — inferiors) ): 

for  (Pix  p  =  infs — first ():  p  ^  NELL:  infs — next(p)) 
for  (int  i=l):  i<nutn. tiers:  i++) 

if  (tier[i] — name.eql *(  *infs)[p] — tier))  { 
tierfi] — append)  ( *infs)[p]): 
break; 

} 

delete  infs; 
if  (  no.connect ) 

discon  nect.tones(cs); 
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f\ 


1 


;4 


) 

void  (’hart ::read_word(istream«X  intile.  StrStack*  stk) 

//  friend  ot  ( ’onnectableSegment 

( 

Word  Begin  *w  begin  =  new  Word  Begin: 

Word  End  *  wend  =  new  Word  bind: 

MorpliemeKiid  intend  =  new  MorpiiemoEnd: 

Segment  *seg  =  NI'LL: 
int  i: 

Pix 

for  (i  =  0:  i<nuiu-tiers:  i++)  { 

p  =  tier[i] — append)  wbegin — copy))): 
tier[i] — current  =  p: 

} 

GenerioPhoneme  *gp  =  new  GenericPhoneiiie: 

X  *x  =  new  X: 

GenericTone  *ln  =  new  GenericTone: 

( 'onnectahleSegment  *  cs; 
while  (!eof  JcL-  seg  ==  NI'LL) 
seg  =  read-segment  (infile,  stk): 
while  (leofL'tk-  iwend — tvpe.eq(seg) )  { 
if  (seg — is-Connectable( ) )  { 
if  (x— t.vpe.eq(seg))  { 

cs  =  I  ( 'onnectableSegment  *)seg — copy(): 
add_skeletal.seg(  cs): 

}  else  if  (tn — type.eq(seg)  ||  gp— type.eq(seg))  { 
cs  =  (('onnectableSegment  *)seg; 
if  (cs — nnnt-snperiors  ==  1)  { 

cs  =  (ConnectableSegment  *)cs — superiorjb] — copy)): 
add.skelet  aLseg(  cs ) : 

}  else  if  (cs — num.snperiors  ==  O'  { 
for  (i  =  0:  icnuni-liers:  i++) 
if  (tier[i] — name.eq(*cs — tier))  { 
tier[i] — append(cs — copy( )): 
break; 

} 

}  else 

error( "Uncaught  parse  error."): 

}  else 

error) "Uncaught  parse  error."): 

}  else  { 

if  (mend — type.eq(seg)  Ac.  duple)  { 
duple  =  FALSE: 
for  (i  =  0:  i<num.tiers:  i++) 
tier[i] — append  (seg — copy( )): 
seg  =  new  MorphemeBegin: 

} 

for  (i  =  0:  iCnum.tiers:  i++) 
t ier[i] — append(seg — copv( )): 

} 

seg  =  MLL: 

while  (!eof  kk  seg  ==  NI'LL) 
seg  =  read-segment)  infile.  stk): 

} 

for  (i=0;  i< mini-tiers;  i++) 
tier[i] — append)  wend — copy( )): 
delete  tn: 
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delete  ftp; 
delete  x; 
delete  wbeftin: 
delete  tvend: 
delete  mend: 

} 

void  ( ’hart::print_and-delete_word( ) 

{ 

Pix  p; 

WordEnd  *we  =  new  Word  End: 

for  (p  =  tier[!>]  —  first)):  p  ^  NULL  kk  !wt — type_eq((*tier[(l])[p]): 
tier[()]  —  next  (p)  I 
( *t ier[0] )[p]  —  print! ): 
if  (P  ^  NULL) 

( *t ier[l)] )[p]  —  print ( ): 
if  (eophrase )  j 
cout  <  "\n"; 
word  end  =  FALSE: 
eophrase  =  FALSE: 

} 

cout.flush) ); 

//  Delete  the  word, 
for  (int  i  =  0:  i<nuni- tiers:  i++)  { 
p  =  tier[i] — first( ): 

while  (p  ^  NULL  kk  !we — type.eq((*tier[i])[p])) 
tier[i] — del(p): 
if  (P  #  NULL) 
tier[i] — del(p): 

} 

delete  we; 

} 

void  Ch ar t: : pri n t .aiid.delete.ph rase( ) 

{ 

Pix  p; 

for  (p  =  tier[(l] — first) );  p  5^  NULL:  tier[(l]  —  next(p)) 

( *tier[0])[p] — print) ): 

cout  <  "\n": 
cout. flush) ): 

//  Delete  phrase. 

for  (int  i  =  0;  icnum. tiers;  i++) 

for  (p  =  tier[i] — first)):  p  ^  NULL:  tier[i] — del) p) ): 
wordend  =  FALSE: 
eophrase  =  FALSE: 

} 

int  ste.m  atch  es(  S  trial  >le  E  n  try  *  ste.  X*  x) 

//  Friend  of  chart  k  connectableSegnient. 

{ 

Tier**  ap.tier  =  (Tier  **)rnalloc(chart.num. tiers  *  sizeof(Tier  *)): 

int  i: 

for  (i=():  i<chart.nuni-tiers:  i++) 
ap_tier[i]  =  chart .  t.ierfi] : 

ConnectableSeftinent  *cs: 
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if  ( st  t — fullspec ) 

if|st< — fullspec — num.superiors  =  =  It 
c>  =  sle — fullspec —  superior[l)]: 
else  if  (sli — fullspec -—iiuni-superiors  ==  (l| 
cs  =  ste — fullspec: 
else 

error( "Uncaught  parse  error."); 
else  | 

<‘s  =  (t'oiineotableSegment  *|stc — segment: 
if  (cs — uuiu-superiors  ==  1 ) 
cs  =  cs — superior[0]: 
else  if  (cs — nu ill-superiors  >  1) 
error)  "Uncaught  parse  error."): 

} 

x — is.exaet  =  TRIE; 

return  (x — ei|(cs.  ap.tier.  chart. mini. tiers)): 

} 


void  X:: print  ( int  pos=U) 

{ 

char*  output  —  0: 

Pix  p; 

illt  times. matched  =  0: 

for  (p  =  thl. first!);  p  ^  NELL:  t hi. next (p)) 

if  ( t bl[p] — is.phonerne  X'X:  ste_niatches(thl[p].  this)) 
if  (!tinies_matched++)  { 
if  (output)  free(  out  put ): 

output  =  (char  *)malloc(strleti(tbl[p] — naine)+l) 
strcpv|out put .  tbl[p] — name): 

} 

else  if  (times.matcheU  ==  _’) 

cout  <  "("  <  output  <  "/"  <  tb|[p] — name: 
else 

cout  <  "/"  <C  tbl[p] — name: 
if  (tiuies.matched  >  1) 
cout  <C 

else  if  (times.matched  ==  1) 
cout  <C  output: 

} 

void  Feature::print(hit  pos=0) 

{ 

char  c: 

switch  (value)  { 
case  -1: 

c  =  break; 
case  1 : 

c  =  break: 
case 

c  =  "o';  break: 
default: 
c  --  "\(V: 

1 

if  (modified) 
cerr  <C  "* 
cerr  <C  "  [": 
if  (c  ^  AO  ) 
cerr  <C  c: 

cerr  <C  name  <C  "]  ("'• 
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print. kl( ): 
cerr  <  ")\n"; 
print.aux(po»): 


1 

void  FeatureMatrix::print(mt  pos=0) 

{ 

if  ( modified ) 
cerr  <  "* 
cerr  < 

char  c: 

for  (illfc  i=0:  icnuni-features-l:  i  +  +l  { 
switch  ( feat tire[i) — value)  { 
case  - 1 : 

c  =  break: 
case  1: 

c  =  '  +  break: 
case 

c  =  <>';  break: 
default: 

c  =  \«  : 

} 

if  (c  #  AO’) 
cerr  <C  c; 

cerr  <C  featurefi] — name  <C  ",  ": 

} 

if  (nnni.feat  ures)  { 

switch  ( feat ure[num.feat ures- 1] — value)  { 
case  - 1 : 

c  =  break: 
case  1: 

c  =  '+':  break: 
case 

c  =  break: 
default: 

c  =  AO’; 

} 

if  <c  #  \0') 
cerr  <  c; 

cerr  <C  feat ure[num.feat ures- 1] — name  <C  "]\n"; 

} 

} 

void  ClassNode::print(int  pos=0)  { 
if  (modified) 
cerr  <C  "* 

cerr  -C  name  <C  "  (": 
print -id( ): 
cerr  <C  ")\n": 
print.aux(pos): 

} 

void  Rule::print(int  applied) 

{ 

cerr  <C  "\nApplying  ”  <  name  <C 
if  (applied) 

cerr  <C  "Applied. \n\n": 
else 

cerr  <C  "No  match. \n\n"; 


152 


void  .\’spaces(int  n)  { 
for  (int  i=0:  i<n;  i++) 
cerr  <  " 

} 

void  ('oiinectableSegment::print-aux(iut  pos=0)  { 
for  (iut  i  =  0;  icnuin-inl'eriors;  i  +  +)  { 

N  spaces)  pos): 
inferior[i] — print  ( pos+2 ): 

] 

} 

void  demo-print-tier(TieriV  tr)  { 
if  (demo) 

for  (Pix  p  =  tr. current:  p  ^  NULL:  tr.next(p))  { 
tr[p] — print.aux) ); 
if  ( tr[p] — is.connectable( )) 
getchar) ): 

} 

} 

iut  Chart::empty( )  { 

for  (int  i=l);  i<num_1.iers:  i++) 
if  ( t ier[i] — length! )  >  2) 
return  FALSE: 
return  TRUE; 

> 

void  Chart ::  main-loop)  ist  ream  infile) 

{ 

Pix  p,  q: 
int  i.  applied; 
eof  =  FALSE: 
eophrase  =  FALSE: 
duple  =  FALSE: 
infile. clear) ): 

determine_longest -phoneme) ): 

StrStack  *stk  =  new  StrStack: 
if  (!sandhi_rules_exist )  { 
do  { 

read-word) infile,  stk): 
if  (lempty) ))  { 

demo-print  -tier)  chart  [0] ); 

for  (p  =  rnles.first) ):  p  NULL:  rules.next(p))  { 
applied  =  apply) rules[p],  *this): 
if  (demo)  rules[p]. print) applied): 
if  (applied)  demo-print-tier(chart[()]): 

} 

} 

print .and-delete-woru) ); 

}  while  (!eof): 

}  else  { 

while  (leof)  { 

while  (!eof  kk  leophrase)  read.word) infile,  stk): 
if  (lempty)))  { 

for  (i=();  i<num-tiers:  i++) 

tier[i] — current  =  tier[i] — first)); 


dento_priiit  _tier(  chart  [tl]  >. 

for  |p  =  rules. hrsl|  );  p  ^  M'LL.  rules. next(p))  { 
applied  =  apply! rules[p],  *this): 
if  (demo)  rules[p],  print  I  applied): 
if  (applied)  denio_print_tier(ehart[()J): 

! 

) 

print_an<Ldelete_plirase( ): 

J 

I 

delete  stk; 

} 
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